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Preface

The idea of using low-energy, metal ions for film formation
has been proposed for many years ago. For example, in 1961
Flynt proposed their use for electronic component fabrication.
However, 1little systematic study was done in the 1960s. It
wasn't until 1971 that Aisenberg and Chabot showed that
diamond-1like carbon films could be formed by ion beanm
deposition. Moreover, other methods, such as "ion plating" (
Mattox(1963), Murayama(l1975), Teer(1978), and so on) and
"ionized cluster beam deposition" ( Takagi(1972)) were béing
intensively studied < by many researchers. The use of these
ionized beam or plasma methods led to dramatic improvements in
film qualities.

For further controllability of deposition and fundamental
studies on film growth mechanism, mass-analysed ion beam
deposition has been investigated by the author and many other
researchers. Epitaxial growth of Si, Ge , or Ag films at
relatively 1low-temperature ( < 800°c ) has recently béen
reported.

The wuse of chemically reactive plasma, called plasma
etching in semiconductor microfabrications has also been
developed by many researchers. At present, this technique is
thought to be one of the essential technologies for VLSI
fabrication. In plasma etching, the effects of ion

bombardment are thought to enhance the surface chemical



reactions. However, the mechanism for these enhancement
effects has not yet been fully understood.

Recently, many people have begun to relate plasma discharge
conditions to the Properties of the deposited films, or
etching properties. However, the phenomena occuring in a
pPlasma or on a depositing surface are so complicated that
there are yet many unresolved, cross—contradictory facts.

In both deposition and etching, the interaction of
low-energy ion beams with solid surfaces becomes the basis for
the interpretation of these complicated phenomena.

The  purpose of this thesis is to investigate the
fundamental effects of ion bombardment on ion beam deposition
and etching. This thesis also describes the development of a
low-energy, high-current ion beam accelerator used in the
.experiments necessary for the thesis.

The concepts obtained in developing the present
experimental equipment and in the investigations of ion beam
deposition and etching mechanisms can be applied to similar
studies in other fields, such as plasma wall interacfion in
fusion reactors, or surface chemical reactions, including
oxidation, nitridation, sulfuration and carbonization, 'in an
ac;ivated plasma;

With future development of finely focused 4ion beam
technologies, maskless ion beam deposition or etching methods,
which have 1long been many people's dreams, should become

possible.
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Chapter 1 INTRODUCTION

Thin film formation is becoming one of the key technologies
for the fabrication of electronic and optical devices. Such
topics as the precise control of stoichiometry and deposition
parameters and improvement of film qualities have been
invesitigated for many years[l]. |

Conventional high temperature chemical reaction techniques
are not essentially suitable for such highly precise
applications, and new techniques of a more physical nature are
being widely investigated. Among these physical deposition
techniques, those using ions have attracted the increasing
interest of many investigators[2,3]. When some ion content is
included in vacuum evaporation of sputtered particle
deposition process, remarkable improvements in the qualities
of the deposited film have been reported[4,5].

The simultaneous irradiation of vacuum-deposited germanium
films by Aart  ions reported by Hirsh and Varga [6) has
demonstrated dramatic film quality improvement compared to
conventional vacuum evaporated films. Since argon is not a
constituent element in the germanium lattice, some kinetic
effects from the accelerated argon ions are presumed to be
involved in this improvement of the film qualities and
film/substrate interface properties.

This process, in which ionized and neutral constituent

elements are simultaneously depositied, is generally called



ion plating[7]. Many reports have indicated improvements in
the quality of various' films, whereas few papers have tried to
elucidate the effects ions have on film qualities.

Dry etch1ng 1s another key technology for VLSI (Very Large
Scale Integrat1on) fabrlcatlon. Conventlonal wet chemlcal
-etchlng u51ng a l1qu1d solut1on is 1nadequate for obta1n1ng
‘f1nely patterned proflles of about 1 Pm because of excessive
fundercutt1ng[8]. Therefore,.etch1ng methods wh1ch make use of
chemically activated spec1es generated in a plasma have been

developed[9 10]. fhis‘ technlque is now be1ng called “dry
.'etchlng“ or “plasma etch1ng" | | L
” This the51s 1nvest1gates both f11m format1on and etchlng to
;determlne the effects 1ons have on these techn1ques. |

| The structure of the thes1s is as follows. The exper1menta1
apparatus is' descr1bed in con51derable deta1l in Chapter 2.
It conta1ns.:-some spec1al. features 4wh1ch were des1gned
especialy for thlS work Two sub sect1ons.are devoted to the
ion source character1st1cs and to the 1on deceleratlon method.

”}h' Chapter ‘3; “ion beam dep051t1on }ls 1nvestlgated 1n
detall. : Severaln effects relat1ng to 1on‘beam depos1t1on are
d1scussed w1th'-stress. on ion 1nduced atomic m1x1ng ‘and
sputterlngvand 1mplantatlon effects. | o

Chapter 4 is devoted to a plasma etchlng mechanlsm study by
mus1ng ‘the mass-— separated ion beam system descrlbed in Chapter
‘2l Spec1a1 empha31s"is: placed on the 1nd1v1dua1 roles of

phy51ca1 and chem1cal sputter1ng in S1 etchlng.



Chapter 2

A tOW-ENERGY, MASS-SEPARATED ION BEAM DEPOSITION

AND ETCHING SYSTEM

2.1 Introduction

The "low-energy 1ion accelerator" has drawn increasing
interest as a means of studying 1low energy ion beam
interactions with solid surfaces, such as material build up
phenomena, or plasma chemical etching reactions, etc.
However, there are few reports on successful techniques to
obtain high-current 1ion beams at an extremely low energy
(1~ 1000 eV) level.

Several 1low energy ion accelerators have been reported as
experimental equipment for use in ion-molecule reaction
Studies. Well-collimated, small-energy-spread ion beams are
required for those purposes. The multi-lens type 1ion
deceleration method developed by E. Lindholm[l] has been
commonly used. However, this type of accelerator seems to be
unsuitable for our purposes because of the limited ion current
( <1 HA ).

Simple deceleration methods have been described in
experiments on isotope separation by A. Fontell([2],
K. Chida[3], T. Tortschanoff[4], etc.. This approach seems

more suitable for the present purposes.



Several types of mass-separated, low-energy ion
accelerators have been developed by K. Yagi([5],
J.H. Freeman([6], K. Miyake[7], J. Amano[8], J.S. Colligon([9],
T. Tsukizoe[l10], G.E. Thomas[ll1], I. Yamadaf[l2], etc.. In
this chapter, a high current, 1low-energy 1ion beam system
developed by the author will be discribed in detail. Section
2.2 discusses a few fundamental concepts for the design of a
high-current, low-energy ion accelerator. In section 2.3 the
features of the equipment used throughout this work are
presented. Then, the ion source and the ion deceleration lens
system are discussed in more detail in sections 2.4 and 2.5.

Section 2.6 draws several conclusions.



2.2 System Design Concepts

2.2.1 Ion current density and vacuum pressure

In an ion beam deposition system, the ion source is usually
operated under considerable gas pressure. Therefore, it is
necessary to consider the deposition atmosphere. The design
of the deposition chamber must .satisfy the following

condition:

s; My >»s I, N C(2.1),

where r’i is the depositing ion beam flux on the target
surface and fﬂn is the residual gas atom flux that hit the

target sur face. Here, Si and Sn denote the sticking

probabilities of deposited 1ions and of residual gas atoms,

respectively.  This relationship (2.1) represents the "worst

case" criterion, where depositing ions are assumed not to

sputter the adsorbed residual gas atoms. The ‘general residual

gas concentrations will be lower than those prédicted from
n

arrival rate consideration alone. Here /_'i and /7 are

expressed as:

6.25 x 10'% 3. (en™2 s71 ,(2.2),

r.

1

20 2 -1

5.3 x 10 P (cm © s ) ,(2.3),

Fn

where Ji(FA/cmz) is the ion beam current density impinging the
target and P(Torr) is the residual gas pressure in the

deposition chamber.



The relations of p and Ji to lﬂi and [7h are shown in Figqg.

2.1. From that figure it can be seen that, if the deposition

. R . -8 ‘ : . .
is carried out in a 10 Torr vacuum, an ion beam intensity of

_ 2 _

at least 100 PA/cm is necessary when Si and Sn are of the
" same - order. In this case, contamination effects due to

residual gas ‘particles are considered to be negligible since

ithe' ion beam flux is about two orders higher than the residual

gas atom flux.

Particle Flux impinging on a substrate
1010 101t 1012 1013 1ot 10%° 1016
Flux (atoms/cm? s) =4— —-1 } t t { . $
Denosition rate 0.05 0.5 3 SOLi
(A/sec) + t + ¥
- - - - - - . -4 -
10710 107° 1008 " 1077 1076 107° 10
Gas oressure(Torr) . . X s
: t —+ ————— t ¥ ¢
- Ion current density 0.1 1 10 100 1000
(uA/cm?) + + i +
Fig. 2.1 Relationship of pressure and ion current density to ion flux.



The deposition time, T, and dose, D, required for build up
in a film of thickness, d, can be calculated from the

following:

A
T (sec) = 3.2 x 10 ———Jéi—l— ’ (2.4)
Ji Cuhfem)

14

D (ions/cm?) = 2.0 x 10'4 4(&) (2.5).

Here, one monolayer 1is assumed to have a density of 1015

atoms/cm2 and a thickness of 5 angstroms, assuming the surface
to be Si(l100) plane. The relationship of dose and thickness
to deposition time are shown in Fig. 2.2 with ion current

density as a parameter.

10000 ——
- I
[%2]
m -
w1000 F :
Y4 L .
[35] - -
E = -4
= N i
_ ) i
e | - -
&
100 |- J
- ]
50 1 1 IlLlll 1 'l 1 llllll 1 L AW W
10 100 1000 10000

DEPOSITION TIME ( sec )

Fig. 2.2 Dependence of film thickness and dose on deposition time.



2,2,2 Ion energy range

Bombardment 'by energetic metal ions causes the deposition
of metal atoms on a solid surface in the low energy region.
An increase in energy above the threshold energy causes
sputtering of both the substrate and the deposited materials
to occur. A further 1increase 1in the 1ion energy causes
implantation of 1ions into the substrate surface. Therefore,
the energy range for film growth to occur should be low enough
for a self-sputtering yield of less than unity. Typically, 1
to 500 eV is employed for ion beam deposition.

For etching experiments a higher energy ( up to 3 keV ) ion
beam is necessary to simulate the surface phenomena.

Ion bombardment 1is considered to have several effects on
film growth and material etching. Surface cleaning effects
due to physical and chemical sputtering are thought to occur.
The surface chemical reaction is also thought to be enhanced
by the atom migration due to 1ion bombardment. Defects
produced by ion bombardment become nucleation centers for
crystal growth. Figure 2.3 summarizes these probable effects

of ion bombardment during ion beam deposition and etching.



PROBABLE EFFECTS OF IMPINGING IONS
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Fig. 2.3 Roles of ion bombardment on thin film formation and etching processes.



2.2.3 Space charge effect on ion beam transport

The charges within an unneutralized 1ion beam create a
radial electric field. This force will cause the beam to
expand in diameter. Let us evaluate here this space charge
force for a solid cylindrical ion beam moving at uniform axial

velocity, Vi’ as shown in Fig. 2.4.

' Fig. 2.4 Ton beam in cylindrical coordinate system.

Tﬁe éhargés within the beam give rise to an electric field
in the radial direction only. This is denoted by E(r). This
field céh be evaluated using Gauss's law by which it can be
shown that the electric field at radius r is proportional to
théA total electric charges per unit length within the volume
bounded by radius r. Here, uniform charge distribution is
assumed over the ion beam region ( 0 £ r £ ) as shown in
Fig. 2.5. The charge density per volume is denoted by p .
Then, the electric field E(r) and the potential 4Kr) can be

calculated as follows:

- 10 -



1
E(r) = ZPSor' | (2.6)
P = —4% {zryz,&g(%) —(r=m} (2.7)
(ii) r, {rgR
E(r) = 2:;? -%r (2.8)
dir) =— fgr'ozloa(,‘g) (2.9)

Here, it is assumed that the ion beam is laminar along the
axis ( z-direction ) and the beam is located in the center of
the grounded drift tube. The charge density f can be
derived by the equation:

P = L (2.10)

TR (29U

where Ii' 2' . U denote the ion current, charge to mass ratio

of an ion and the kinetic energy of the beam in an axial
direction, respectively. The potential distribution is also

shown in Fig. 2.5.

P(r), Ji(n)

0 i
RADIUS

Fig. 2.5 Radial distribution of ion current density and electrical potential.

R

- 11 -



From Eq. 2.4, the space charge potential Ad’, which is
defined as the potential difference between 4%0) and ¢er),

can be calculates as:

P2 1
Ao = = 2.11
C# 4 €, 476,290 ( )

Let us evaluate the beam divergence of the ion beam using
an outermost ion trajectory. This assumes that the beam is
laminar, i.e. there is no ion cross over. The axial velocity
is also assumed to be influenced by space charge potential as
a first approxiamation.

The equation of motion for an outer most ion, which has an
initial energy U along the axis can be formulated in

cylindrical coordinates as,

dr 71, |

— = e e 2.12
at? lﬁfon;(Z] r ( )
Az
S5 =0 (2.13)

Let us normalize the variables r and z using the initial

beam radius rl as

y = r/ry and x = z/ry. (2.14)

Then, the equation of motion can be simplified to yield

a’d _ A
dx* Y

(2.15)
where ./ represents the ratio of "radial potential energy due

to space charge" to "axial kinetic energy of the ion beam",

i.e.,

- 12 -



2 - 4o | a6

eU
Equation (2.15) can be analytically integrated to yield
z X T f’etza(ft (2-17)
0

with the initial conditions y(x=0) = 1 and dy/dx] = 0. The
integral on the right side of Eq. (2.16) can be ;:Eained by
tabular solution [13]}.  The final result is shown as a
universal trajectory curve with the normalized beam radius
r/rl and the normalized distance JQ%Z”%% as variables in
Fig. 2.6.

Let us evaluate the beam divergence of an unneutralized ion
beam' that contain Art with the initial axial energy U =40 keV

and the 1ion current Ii = 10 mA. Then, the space charge

potential A¢ can be calculated from Eq. (2.11) to give

4ub = 200 Volt. In this case, the space charge effect
parameter A is 5 x 10—3; If the initial beam radius is
assumed to be rl = 1 cm, the universal curve indicates that

the ion beam radius after passing through 100 cm along the
axis, would be as 1large as 30 cm. This result cannot be
acceptable for the design of a high-intensity ion beam
transport and suggests ﬁhe necessity for some kind of space

charge neutralization of the ion beam.

- 13 -
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Fig. 2.6 A universal curve representing the outermost ion trajectory.
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Next, let us evaluate space charge potential of a
neutralized ion beam with electrons according to Gabovich et
al.[14]. Let a cylindrical ion beam be space-charge
neutralized by an electron gas characterized by electron
density n, and electron temperature kTe. The ion beam has an
axial velocity Vs and is assumed to be moving along the z-axis
with beam radius r,.

Electric potentialcbaﬂ is determined by Poisson's equation:
| 4 db,
= i (Ydr) = —4me(n;~ne) , (2.18)

If uniform distribution of ion density and electron density
is assumed, the electric field, E, at the beam boundary

(r= L, ) can be calculated by integrating Eq. (2.18) as

E =-§—f = 2me (IN;-ne)y , (2.19)
r=n
In a steady state both the electrostatic field and the
electron kinetic pressure should be in equilibrium, which can
be represented as

2

—g% = NeRTe (2.20)

Equations (2.19) and (2.20) can be combined to yield

2 (i-ne)i = [ 87 he A T (2.21)

- 15 -



Since the ion beam current, Ii' is represented as

Ii = ﬂirerhVE + EQ. (2.21) can be transformed into

n -
= _/ 2k U M (2.22)
ni_ e I" n.;

Since the electron thermal energy is much smaller than the

ion kinetic energy for an intense ion beam, i.ew/ 3 -4%%<<'1,
24
Egq. (2.22) can be approximated as follows:
Ne
n = (2.23)

Integrating Eq. (2.16) from r = 0 to the beam boundary

r =r the space charge potential difference, Aﬂb, between

ll
the center of the ion beam and the ion beam boundary can be
obtained:

AP = men® (n;—he) (2.24)

Equation (2.22) can be trasformed using Eq. (2.21) to

7 . 2 (2.25)
<

Anﬁ - 21y R Te

This 1is the final result for space charge potential for an

electron neutralized ion beam.

2.2.4 Mass resolution

The mass resolution required for ion beam deposition is not

- 16 -



needed to be so high because the inclusion of several isotopes
does not affect one metal deposition. Resolution up to M/4M =
100 are sufficient for the deposition of silicon or germanium.
For special purposes, it is expected that one single isotopes,

28 30

such as Si or Si, will be deposited as "isotope markers".

2.2.5 Contamination effects and the pumping system

It is well known that oil wvapor in a vacuum system
decomposes and is deposited as an 6rganic film on a solid
surface when the surface is subjected to ion or electron
particle bombardment. Yagi el al.[5] showed that carboneous
films are easily formed on a silicon surface by irradiating
10d eV He' ions in an oil diffusion pumped vacuum systen at a
preséure of i X 10'-5 Torr. Therefore, it is neceséary to
realizé an oil;free pumping ‘system and to deposit in an
ultra—high vacﬁum to obtain contamination free films. In-situ
observation of tha deposited surface or etched quantity

measurements are also necessary.

- 17 -



2.3 The Low-Energy, Mass-Separated Ion Beam Deposition

and Etching System.

2.3.1 The complete system

Taking the design criteria described in Sec. 2.2 the
following 1low energy accelerator was developed for the
experiments of mass—-separated ion beam deposition and etching.
Fig. 2.7. shows the complete system. The schematic diagram
for ion beam transport is shown in Fig. 2.8. The system
consists of three major parts: an ion source, a
mass—-separating magnet, and an ultra-high vacuum (UHV)
chamber. |

One of the features of this accelerator is that the
substrate is held at ground potential. As a result, the major
portion of the systenm, including the beam drift tube, the
mass—separation magnet, and the ion beam monitoring
controllers, must be floated on a negative potential of 10 to
40 kV. This is quite different from the other IBD systems
reported previously[5,6,8,9,10]. Although this potential
layout makes 1ion beam handling quite dangerous, it makes
in-situ observation much easier because the substrate can be
nearly at the same potential as the measurement controllers.
Furthermore, the kinetic energy of the depositing ions can be
precisely controlled using a high-precision power supply for

ion acceleration.
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Fig. 2.7 Low-energy, mass-separated ion beam accelerator.
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Fig. 2.8 Schematic of a low-energy, mass-separated ion beam accelerator.




For the deposition of metal ions, such as Si or Ce, SiCl4
or GeCl4 gases are fed into a Freeman-type ion source through
a variable 1leak valve. Figure 2.9 shows the fabricated ion
source.

Ion beams are generated at an energy of 10 ~ 40 kvV.
Accel-decel type ion extractors( 10 mm x 40 mm) are used for
space charge neutralization of the ion' beams. The
accel-electrode is 1 kV below the decel-electrode. Details of
ion source operation will be discussed in Section 2.4.

The rectangular-shaped ion beams, at an ion current of 3 -
10 mA, are mass-separated by a sector type magnet ( GD = 600,
rn = 48 cm, gap length = 40 mm) with rotatable shims. The
mass-selected ion beam is horizontally focused by this magnet.
At the focal point of the magnet, the ion beam is deflected by
an angle of 15° to Separate charge exchanged high energy

neutral particles.

Fig. 2.9 Freeman-type ion source




2.3.2 Space charge neutralization

it'is;well known.thét space charge neutralization of an ion
beam contaihing eiectronsb is necessary for the trénsport of
high intensity ion beams[15]. 1In this apparatﬁs, the effects
of space charge neutralization were examined by observing ion
beam profiles for the two cases shown in Fig. 2.10. 1In (a),
space charge ' neutralization becomes déficient because of
neutralizing electrons escaping through the periphery,of the
~extractor electfode to the grounded vacuum vessel walls. 1In
(b), the 1loss of -electrons is stopped and the ion beam is
fully space-charge neutralized. Figuré 2.11 shows the ion
current density distributions (horizontal) for these two
cases, In (a), the ion density distribution.diverges over a
region 50 mm Wide and the.maximum intensity is less than 0.1
mA/cmz. In (b), the ion beam shows a sharply focused
distribution with a beam width of 3 mm and a maximum intensity
one ordér higher than that for (a). Therefore, spacé charge
neutraiization is essential for mA-class ion beam transport.
In the presentbstudy the (b)-type configuration was used.

Although electrostatic 1lenses, which disturb space charge
neutralization,g are not suitable for higﬁ intensity ion beam
transport, electrostatic deflectors (horizontal) are used to
cut neutral - partiéles in this system because magnetic
deflectors are troublesohe to usé when different masses of
ions are present. “The eiectrostafic deflecting plates are 40

mm W x 80 mm H, with 60 mm spacing. Experimental results show
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Fig. 2.11 Two ion current density profiles.

The dotted curve

shows the case partial space charge neutralization.

The solid curve shows full space charge neutralization.
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that there is no appreciable deformation of the ion beam using
this deflection method. This is because few of the ions can
hit the 1largely-spaced electrodes after passing through the
collimating slit (10 mm in diameter) in front of the

deflectors.

2+343 Mass spectra of the ion beams

The mass spectra of extracted ion beams with kinetic
energies of 10 - 40 keV were measured. A small Faraday cup
with a 3 mﬁ#aperture, which is shown in Fig. 2.12, was used to
detect the mass spectra. Fig. 2.13 shows the mass spectra

for ion beams generated from N_ and Ar gases. At the focal

2
point of the magnet, ion densities of 100 ).JA/cm2 to 1 mA/cm2

were obtained.

) :_

i H
! o~

ION BEAM

O 5 b
— & HITTE

A

Fig. 2.12 The small Faraday cup used for ion beam profile monitoring.

Entrance aperture is 3 mm in diameter.
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Fig. 2.13 Mass spectra for ion beams generated from (a) argon

and (b) nitrogen gases.
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2.3.4 Ion deceleration system

The mass—seiected, high-energy ion beams are guided into a
constrictor tube, which acts as a differential pump. The
diameter of the <constrictor is 20 mm. The 1ion beam is
collimated to a 10 mm diameter by an aperture located in the
constrictor ﬁubé. The 1ion beam is decelerated down to the
final kinetic energy for deposition or etching, typically 0 to
3000 eV by an E x B type ion decéleration lens system. The
details of this deceleration system are described in Section

2.5.

2.3.5 Vacuum pumping system

The vacuum pumping system for the present system is shown
in Fig. 2.14. Two pumping ports are opened in the ion source
section. One 1is at ground potential and the other is
connected to the beam drift tube through a ceramic break.
There are three oil diffusion pumps (1200 1/sec) backed with
Liq. N2 cold traps, water cooling baffles and rotary pumps.
Viton O-ring seals are used on all flanges before the
mass-analysis section. After the mass-analysis section, metal
gaskets are used and all vacuum vessels are bakable up to 450
°C, except for the gate valve seals which use viton C-rings.

After mass separation in the beam drift tube, a
turbomolecular pumping unit is used. The beam drift tube can
be isolated from the ion source section and the UHV chamber by

two gate valves ( V1, V2 ).
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The UHV deposition chamber 1is pumped down wusing a
conventional ion pump at a speed of 1000 1l/sec.

The second vacuum chamber 1is connected to the first
deposition chamber by a metal sealed straight-through valve (
V3 ). Pumping is adcomplished using gas helium type cryogenic
pump, an ion pump, and a Ti-sublimation getter pump.

Typical base pressure for these deposition chambers are 5 x
10710 Torr and 1 x 1070 Torr, respectively. The present
study was done in the first deposition chamber. The operating
pressure during deposition was typically 5 x 10-8 Torr to 1 x
7

10" Torr due to the gas load from the ion source.

Therefore, the residual gas atom flux on the depositing

surface could be estimated from the vacuum pressure (5 x 10-8

Torr) as

rjn = 3 X 1013 (molecules/cm2 s). (2.26)
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2.4 The High Current Metal Ion Source

2.4.1 Introduction

A Freeman-type ion source was firstly developed for an
isotope separator by J.H. Freeman[16] and has recently been
widely wused for high current ion implantation system. It has
also been utilized in an ion beam deposition system, in which
low-energy (10 - 500 eV), high-current metal ion beams are
employed for thin film depgsition. Minimal energy spread of
the ion beam, uniform beam intensity and stable operation in a
low-pressure region are required for various applications.
The discharge characteristics of this type of ion source were
firstly investigated by Freeman, who reported that it was
hash-free and gave good mass resolution for isotope
separation. However, study of the arc discharge in the ion
source has not yet been compieted, and only a few reports have
appeared on energy dispersion of the ion beam uniformity of
the beam's intensity, instabilities in the plasma in a
low-pressure arc region, etc.

This section details a study of the discharge
characteristics of the Freeman-type ion source. The diode
characteristics of the source are inveéfigated, and arc
discharge characteristics are showh vto be dependent on
maghetic field configurations in the arc plasma. The energy
spread of the 1ion beam is also discussed in connection with

instabilities in the arc plasma.
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2.4.2 Structure of the ion source

In principle, a Freeman-type ion source consists of an arc
chamber and a rod filament located parallel to the arc chamber
axis. A cross sectional view of the ion source is shown in

Fig. 2.15. The arc chamber ( d = 25.4 mm4>, H

I

80 mm) is
made of graphite, and a tungsten rod filament (d= 2 mm¢ ) is
located off-axis in the chamber. The distance from the
filament to the 1ion exit slit is 4 mm, and the slit is 1 mm
wide by 40 mm long.

A weak magnetic field (0.01 T) is applied externally in the
discharge region. This vertical magnetic field is parallel to
the filament rod. Ions are extracted by accel/decel-type
electrodes. The accel-electrode is Pierce-type shape and is
kept 1 kV below the decel-electrode in order to obtain

space-charge neutralization of the formed ion beam.

{a) (b}
Cover 'l—" 7 ‘ ’ Gas
F:lcrrcw:ent Accelerator 4 Arc chamber
ap . lect i .
Insulator _ Ny A electrode | — Filament
Arc chamber . Decelerator
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Ion beam :
> e )4
-------------- Decelerator Y
electrode [ 0 5
SUS 304 ! : L_uc_mx_t_:
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Graphite
3 Tungsten
j == 0 cm 5

Fig. 2.15 Cross sectional views of Freeman-type ion source.

(a) vertical plane, (b) horizontal plane.
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2.4.3 Experimental

Experiments were carried out wusing the IBD machine
described 1in Section 2.2. The diode characteristics were
measured, with the 1ion source regarded as a vacuum tube.
First, the gas feed was disconnected to prevent discharge in
the arc chamber. The electron emission current, Ie' was
measured as a function of the anode voltage, Va’ the filament

heating current, and the vertical magnetic field, Bz.

Teine
The arc discharge was then initiated by introducing argon or
nitrogen gas into the 1ion source. The pressure during ion
source operation was from 7.8 x 1074 to 5.2 x 1072 Pa. The
arc current was stabilized by the power supply. Changes in
arc voltage and extracted ion current for a fixed extraction

voltage of - 20 kV were measured by changing I and Bz. The

fil
current density distribution of the ion beam was measured by
moving two small Faraday cups vertically and horizontally at
extraction energies of 15 - 30 keV. The Faraday cups were
located 30 cm from the ion exit slit.

Energy analysis of the ar’t beam was carried out by
retardation method with the extraction voltage as low as 500
eV. The energy analyzer has a small aperture ( 1 mm¢’) to
exclude obliquely incident 1ions and to give good energy
resolution. In order to detect any hash in the ion source,

AC-components in the arc current, arc voltage and extracted

ion current were observed by synchroscope.
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2.4.4 Results and discussion

(a) Diode characteristics

Fig. 2.16 shows the diode characteristics of
source. Unlike 1in conventional diode tubes, the

emission current, Ie, is proportional to the fifth

the anode voltage, Va' Ie reaches a maximum as
current 1increases and then is cut off by the excess
current. The application of wvertical magnetic

reduces the emission current.
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Fig. 2.16 Diode characteristics. Electron emission current versus

filament current with (a) anode voltage, and (b) vertical

magnetic field as parameters.
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These diode characteristics can be explained in terms of
the magnetic field produced by the filament current, as
pointed out by Hull[l7]. According to Hull, the electrons
emitted from the filament follow a linear maghetron motion
along the filament rod. This 1is caused by an azimuthal
magnetic field generated by the filament current. In the low
filament current region, the electron emission current is
limited by the number of electrons emitted by the filament.
This is the "temperature-limited region". When the filament
currenti is 1increased, however, most of the emitted electrons
are trapped by the magnetic field and cannot reach the anode.
This 1is the "magnetically-limited region". Furthermore, the
electrons will follow a circular magnetron motion caused by an
externally applied vertical magnetic field. Therefore, a
helical magnetic field exists in the ion source region. It is
generatéd from the constant vertical magnetic field, Bz' and
the azimuthal magnetic field, By , whose strength is inversely
proportional to the distance from the filament. Therefore,
the geometric configuration of the magnetic field in the ion
source can be the one shown 1in Fig. 2.17. Similar diode
characteristics were also reported by Cobic et al.[18] and by

Hinkel[19].
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Fig. 2.17 Magnetic field configuration in Freeman-type ion source.

(b)y Arc discharge characteristics

Figure 2.18 (a) shows that a change in the vertical
magnetic field causes hysteresis of both the arc voltage and
the ion current. Although the arc voltage increases greatly
with a decrease in the vertical magnetic field, the ion
current does not change so drastically. In Fig. 2.18 (b) it
can be seen that a smaller filament current gives a larger ion
current under a constant arc current( 5.6 A). However, a
decreése in filament current below 105 A quenched discharge
because of the deficiency of emitted electrons. The steep
increase in ion current can be explained in terms of the
reduction in magnetic forces for electron ﬁrapping, due to the
filament current decrease. That is, the arc voltage is raised
to sustain the arc current against the reduction in magnetic
forces for electron trapping, and, as a result, the ion

current increases.



On the other hand, if the filament current is increased
over 180 A, the discharge 1is again quenched because of
excessive magnetic trapping of electrons. Arc current-voltage

characteristics show hysteresis in most of the experiments.
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Fig. 2.18 Dependences of arc voltage and extracted ion current on
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(c) Beam uniformity and filament deterioration

Figure 2.19 shows the ion current density distribution of
the ion beams. Horizontally, the ion beam is sharpl? focused
and the current density distribution is symmetric. However,
vertically, the distribution is asymmetric and beam uniformity
is not good. The position of maximum intensity shifts from
the center to the positive potential side of the filament.
Filament rods were always thinned at the positive end as shown
in Fig. 2.20. If the voltage polarity 1is reversed, the
location of filament deterioration 1is also reversed. It
seems, therefore, that plasma density is inhomogeneous along
the filament rod, and the ©positive side of the rod is the
location for intense plasma density because of the linear

magnetron motion of the electrons.
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Fig. 2.19 Ion current density profiles: (a) horizontal and

(b) vertical.
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Fgi. 2.20 Tungsten filaments used in the ion source; (a) unused,

(b) after argon gas discharge for 10 hours.

(d) Energy spread and plasma instabilities

The energy spectrum of an argon ion beam is shown in Fig.
2.21 (a), with the acceleration voltage kept at 500 eV. The
energy spectrum is symmetric about the drift energy, 506 eV,
which is a little greater than the extraction energy, 500 eV.
The energy spread 1is 32 eV at halfwidth. This small
difference ( 6 eV ) seems to represent a fall in the anode
voltage in the plasma. The observed values of the energy
spread were 30 - 50 eV for these experimental conditions.
These values are larger than those previously reported[16].

Fluctuations in ﬁhe ion current are shown in Fig. 2.21 (b).

The dc component of the ion current is 6 mA, and the
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overlapping peak-to-peak fluctuation amplitude is nearly 3 mA.
A small-amplitude 100 Hz ripple and a large amplitude
high-frequency fluctuation of several tens of kHz are
superposed on the dc component. The amplitude of the
fluctuation increases as filament current decreases, so that

the fluctuation amplitude increases in the large ion current

region.
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Fig. 2.21 Energy distribution of an argon ion beam: (a) Extraction
energy is 500 eV. (b) AC fluctuations in the extracted

ion current.

In general, the energy of an extracted ion represents the
space potential in the plasma where the ion is created, if the
ion is extracted without collision. 1In this experiment, it is
hardly possible for 1ions to be charge-exchanged in the
extraction region since the vacuum pressure in the extraction
region is 10_3 Pa, or 1less. Therefore, high-frequency
oscillations in the space potential of a plasma are thought to

be the reason why an energy spread of several tens of eV was



observerd. This is because in the retardation method
measurement energy spectra are time-averaged ones of the

instantaneous spectrum over many oscillation periods.

2.4.5 Conclusions

The discharge characteristics of a Freeman-type ion source
were examined in some detail in a low-pressure region, and the
beam quality was discussed in connection with those discharge
characteristics. From them it was shown that the electrons in
the ion source follow mixed 1linear and circular magnetron
motions caused by the azimuthal magnetic field generated by
the filament current and an éxternally applied magnetic field.
A larger 1ion current was obtained by decreasing the filament
current under a constant arc current.

Horizontal 1ion current density distribution 1is sharply
focused and symmetric, although in the vertical direction the
beam intensity is not uniform because of the inhomogeneity in
plasma density along the filament rod. The energy spread of
the ion beam is large ( 30 - 50 eV in halfwidth) compared with
previously reported wvalues[l6]. The observed large energy
spread can be explained in terms of high-frequency fluctuation

in the space potential of the arc plasma.



2.5 The Ion Beam Deceleration Lens System

2.5.1 Introduction

Studies of tneb.lnteractlons oerween low'energy ion beams
and solid sur faces, such as sputterlng, deposition, etc.,(have
become of great importance in many fields. These studies
include such topics as plasma—walliinteraction problems in
fusion reactors[ZO], and ion based film formation
techniques[Zl]. | |

For these, it is‘necessary to produce high intensity_ion
beams 1in an extremeiy 1ow—energy region, typically below 3000
eV. In addition, an ultra- hlgh vacuum environment is often
required for 1ion 1rrad1ated surface observatlons. The most
commonly usedJmethod to produce such a low- energy 1on beam is
to decelerate a h1gh energy 1ntense ion beam from an 1sotope
separator to a low energy state.

Several studies have already been reported(2-10,22-28] on
ion beam deceleration. It is emplrlcally well known that an
electrostatlc bi- potentlal lens system can focus the ion beams
strongly during deceleration[4]. Recently, Alton, et al.[28]
calculated the - focal . properties of these 1lens systems.
However, there have been few experimental studies on ion beam
deceleration techniques in which practical considerations have
been taken-into account.

It is well known that space-charge neutralization using
electrons is essential for the transport of high-intensity ion

beams. Therefore, in the case of electrostatic 1ion



retardation, acceleration of the electrons would take Place
simultaneously, which would cause serious heat-up damage to
the deposited films or irradiation targets[29]. In most
cases, it becomes impossible to measure the precise ion
current because of the 1large current drain due to the
electrons.

The vacuum pressure in the ion decelerating region might
cause degradation of the decelerated ion beam since the cross
section for charge exchange becomes quite large as the ion
energy decreases to below a few hundred eV{30]. Reflection of
the ion beam before a farget surface might cause sputtering of
the electrodes by re-accelerated high-energy ions.

This section describes a method for directly observing ion

+
2

a test beam. The focusing characteristics of the E x B type

beam trajectories during deceleration using an N ion beam as

ion decelerator used in the IBD apparatus is examined using

this method.

2.5.2 The E x B type ion deceleration lens system

For retardation: of high intensity ion -beams, it is
essential to separate the space charge neutralizing electrons
from the 1ion beam trajectories. An electrostatic electron
suppressor method often results in high tension breakdown
because of electron multiplication phenomenon in the
decelerating field.

Here, an E x B type ion deceleration system([7] has been

developed to overcome this difficulty. It makes use of the
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fact that a weak magnetic field applied perpendicular to the
ion beam axis causes the electrons to drift across the ion
beam trajectories by linear magnetron motion, whereas the ion
beam trajectories are not appreciably influenced by this
crossed-electromagnetic field. Fig. 2.22 shows a schematic of
the system. Two permanent magnets (not shown) are used to
generate a 300 gauss magnetic field. The target is held at
ground potential so that the kinetic energy of the decelerated
ions is determined by the ion source potential, eVa, v

ext
indicates the ion extraction voltage for the ion source.
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—
E
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B® tangef
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B : =
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| | —— =T
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ION BEAM DECELERATION SYSTEM

Fig. 2.22 Schematic of an E x B type ion beam deceleration lens system.
A magnetic field of strength of 300 G is applied perpendi-
cular to the ion beam trajectory axis using two permanent

magnets (not shown).
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The cylindrical electrode shown in Fig. 2.23 focuses the
decelerating ion beams on a small spot. This focusing
electrode also acts as a collector for the drifting electrons.
At the side of the electrode, a tungsten mesh (#80) has been
spot-welded to allow observation of the ion beam trajectories

inside the electrode.

Fig. 2.23 Cylindrical focusing electrode. A rectangular window made

of tungsten mesh(#80) is spot welded to one side to observe

the ion beam shape inside the focusing electrode.




2.5.3 Experimental

The experiments in this study were carried out in an Ion
Beam Deposition (IBD) machine, the details of which has been
described in Section 2.3. A molecular niﬁrogen ion beanm, N2+,
was chosen as the test ion beam. for observation of the
decelerating ion beam. This is because optical emissions from
an N2+ ion beam are in the visible wavelength region.

The ‘hot—cathode, arc-type ioh source described in Sectién
2.2. was used to produce the N2+ jon beam. The ions>were
extracted at an extraction energy of 25 keV and mass-analyzed
using a magnet. Space charge neutralization of the ion beam
with electrons Qas automatically performed in the beam drift

tube at vacuum  pressures of 1074 to 1078 pa. The

mass-selected VN2+ ion beam was guided into a constrictor tube

( ID = 20 mm(ﬁ ) and collimated to 10 mm4> by a slit. It was
)

then decelerated down to the final kinetic energy, eVa, by the

E x B type ién deceleraﬁion lens system mentioned above.

The cylindrical focusing eléctrode, as shown in Fig. 2.23,
was located at 40 mm from the exit of the constrictor tube.
The shapes ofvthe decelerated N2+ ion beams were photographed
from a Horizontal angle with a camera using ASA 3000 polaroid
films. Exposure fimes over 30 minutes were needed.

The relation of the target ion current, I to the final

t’
kinetic energy, eVa, was measured for three target locations.

The diameter of the target was 40 mm.

The effect of poor vacuum conditions on the It - eV,

characteristics were examined by turning the vacuum pumps off.
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The mass spectrum for decelerated ion beams from SiCl4 gas

discharge was obtained at an extraction energy of 18 keV.

2.5.4 Results and Discussion

(a) Direct observation of ion beam trajectories

Fig. 2.24 shows the trajectory of an N2+ ion beam which_was
decelerated from eVext = 25 keV down to eVé = 1 keV inside the
focusing electrode. The ion current was 100 pA and the vacuum
pressure was 1.3 x 10—4 Pa. The target is not shown. It can
be seen that the 10 mm collimated ion beam at first diverges
slightly and then is focused strongly as it passes through the
exit hole of the focusing electrode.

When the ion source potential, Vé, was made to negative,
for example, at - 1 kV, the incoming N2+ ion beam was repelled
inside thé focusing electrode. This is shown in Fig. 2.25.
A sharp boundary is clearly observed where the ion beam is
reflected. Figure 2.26 was obtained by summarizing those beam
shapes for several ion acceleration energies with a fixed
extraction energy of 25 keV: (a) V, =-3kV, (b) - 1kV, (c)
0.1 kV, (e) 2 kV, and (f) 3 kV.

It should be noted that in cases of (a) and (b), the
reflected ion beam is re-accelerated and focused towards the
central axis because of the radially inward electric field.
The turning point of the ion beam for (b) is closer to the
focusing electrode than for (a). In cases (c) - (f£), the

focal 1length increases with ion acceleration energy. These
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focusing properties are qualitatively in good agreement with

the numerical calculations of Alton, et al[28].

focusing electrode

ion beam

Fig. 2.24 Shape of an N_* ion beam during deceleration.

2
The initial kinetic energy is 25 keV and the final kinetic

energy is 1 keV.

focusing electrode

Fig. 2.25 Shape of an N2+ ion beam in the case of reflection inside

the focusing electrode. eV = 25 keV, V = - 1 kV.
ext a
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Fig. 2.26 Shapes of N * ion beam trajectories during deceleration

2
The initial kinetic energy is 25 keV and final ion accel-

eration veltages is (a)- 3 kV, (b) - 1 kV, (e¢) OV,

(d) 0.1 kV, (e) 1 kV, and (f) 3 kV.



(b) Dependence of decelerated ion current on ion energy

The dependence of the target ion current, It, on the final
kinetic energy of the decelerated ion beam, eVé, is of
practical importance in designing low-energy ion bean
accelerators. 1In Fig. 2.27, target ion current dependences on
ion energy are shown for three target locations: 12 = 3 mm, 40
mm, and 94 mm. The extraction voltage and the ion current
were kept at 25 kV and 100 FA’ respectively.

When the target is far from the focusing electrode, at 1 _ -

2

90 mm, It increases linearly with ion energy. At 12 = 40 mm,

It saturates at an ion energy of 1.2 kV. When the target is
close to the electrode, at 12 = 3 mm, It shows a constant
value above 200 eV. Comparing these results with the ion beam
trajectory observations shown in Fig. 2.26, it can be
concluded that target 1ion current is influenced by target
location. This is especially so in the low-energy range,
because of the cross-over effects of the decelerating ion
beam. The decrease in the ion current below 200 eV is thought
to result from the energy spread of the incoming ion beam.

It should be noted that Space charge repulsion during
deceleration cannot be used to explain the decrease in low
énergy region because the whole content of the ion beam is
collected by the target located at 12 = 3 mm. A small hump at
around 200 to 300 eV was frequently observed. This phenomenon

is thought to be related to the increased emission of

secondary electrons.
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Fig. 2.27 Dependence of target ion current on ion acceleration
energy for three different target locations.
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eV = 25 keV, 1 >
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and (e) 92 mm.
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(c) Influence of vacuum pressure

The effects of the vacuum pressure in the ion retardation
space on the It - eVé characteristics were examined by

shutting the pump off. At a vacuum pressure of 1.3 x 10—3 Pa,
an arc shaped glowing flasma was observed near the focusing
electrode. Fig. 2.28 (a) shows the It verus ev, relation when
the target was immersed 1in the glowing plasma. The target
current was always negative over the entire ion energy range
and the step increase was found at Va > 0 volt. 1In contrast,
1f the target was separated greatly from the glowing plasma
for example, 12 = 46 mm, normal It - eVé characteristics were
obtained. This is shown in Fig. 2.28 (b).

These phenomena | indicate that, under poor wvacuum
conditions, the high electric field in the ion retardation
space  leads to plasma formation in which electron
multiplication occurs[29]. Higher gas pressure in this
equipment over 1072 Pa caused appreciable charge exchange in
the beam and often resulted in high tension breakdown[301. In
the case of vacuum pressure below about 10~4 Pa, no plasma

formation was observed and only very weak optical emission

from the N2+ ion beam trajectories was observed.
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(d) Mass spectrum of the decelerated ion beam

In Figqg. 2.29 a typical mass spectrum for an ion beam
generated from SiCl4 gas discharge is shown. Here, the ion
extraction energy is 18 keV and the final kinetic energy of
the decelerated 1ion beam is 2 keV. The ion beam diameter on
the target was 5 mm for l1 = 20 mm and 12 = 3mm. By

28,.+

optimizing 1ion source operation and beam transport Si ion

beams have been obtained in 200 to 300 yA ion current range at

an ion energy of 100 eV. 300
' S Bert i
~_SiCl,
- Vext=18kV
240 (—Ya—=-2WY
et
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z | -
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Fig. 2.29 Typical mass spectrum of a decelerated ion beam generated

from SiClu gas discharge in a Freeman-type ion source.

eV = 18 keV, eVa = 2 keV, 1

ext = 40 mm, and 12= 3 mm.

1



2.5.5 Conclusions

The focusing properties of an E x B type ion beam
deceleration 1lens system were examined by directly observing
the visible optical emissions from N2+ ion beams. It was
demonstrated that a crossed-electromagnetic field is effective
in removing space charge neutralizing electrons from the
decelerating ion beam. The decelerated ion beam is strongly
focused by the 1lens effects of the E x B type deceleration
system. The beam shapes are qualitatively in good agreement
with the numerical calculations of Alton, et al.

It was shown that a poor vacuum in the ion retarding space
leads to glowing plasma formation. Ton currents of 200 to 300

28

pp  were obtained for sit at an ion energy of 100 eV using

this ion deceleration method.
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2.6 Summary

In this chapter, a detailed discussions were presented on a
low-energy, mass-separated ion beam accelerator for use in ion
beam deposition and etching studies. The design criteria for
the system were discussed from the viewpoints of ion energy,
ion current, and vacuum environmental conditions, etc. It was
demonstrated that space charge neutralization of the ion beam
is essential for the transport of a high intensity ion beam.
At the same time, exclusion of the neutralizing electrons is
needed for low-energy ion beam producing when a deceleration
method 1is wused. It was shown that a crossed-electromagnetic
field 1ion retardation system can do both, and the detailed
features of the system were described. Finally, an ultra-high
vacuum ion beam accelerator that can produce mass-separated
ion beams with an ion current of up to 300 PA at an ion energy
as low as 100 eV was introduced. The apparatus was
successfully wutilized for the ion beam deposition and etching

studies described in Chapters 3 and 4.
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Chapter 3 ION BEAM DEPOSITION

3.1 Introduction

Thin film formation technology applications have ranged
from small-scaled electronic devices to large-scaled machinary
products such as aircraft. In many cases, high
controllability for film formation technology and, at the same
time, high deposited film quality have been required[l]}.

For example, in VLSI (Very Large Scale Integration)
semiconductor fabrication applications, the increase in
intergration has made it necessary to control film
composition, stoichiometry, thicknesses, crystalline
structure, and the doping profiles of implanted impurites with
submicron dimensional precision[2]. For these purposes, the
deposition temperature must be kept low enough to ensure that
well-defined material profiles are not influenced by solid
phase interdiffusion.

Due to this need for precise controllability, conventional
high temperature chemical reaction type techniques are
essentially no longer suitable for these highly precise
applications. Other newer techniques of a physical nature are
being widely investigated. Among these physical deposition
techniques, ion beam deposition(IBD) has attracted the
increasing interest of many investigétors[3,4].

This deposition technique employ a low-energy ion beam in a
high-vacuum region. The idea of IBD was reported by

W.E. Flynt in 1961 for the fabrication of microminiaturized
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electronic circuits[5]. However, he only discussed ion source
characteristics. Conductive and resistive film deposition
using 1ion beams was reported by A.W. Wolter in 1965[6]. crt
ion beam deposition on a glass substrate was carried out by
B.A. Probyn in 1968 using a specially designed ion retardation
system[7]. The optimum conditions achieved in this experiment
were a 0.5 mm diameter for a beam current of 2 FA’ and an
energy of 230 eV. Thé condensation efficiency was found to be
approximately 25 %, which gives a deposition rate of 100
R/min.

These studies in 1960's were done with non-mass-analysed
equipment and some inclusion of evaporated neutral particles
was observed.

In the 1970's, S. Aisenberg and R.W. Chabot described the
deposition of silicon and carbon films[8]. They obtained Si
epitaxial films on Si substrates at an ion energy of 40 eV and
a substrate temperature of 300°C and the diode characteristics
of the deposited p-n Jjunctions were reported. Also,
diamond-like carbon films were obtained using a sputter ion
source., The carbon films were optically transparent and hard
enough to be used for cutting tools.

E.G. Spencer, et al. discussed the crystalline structure
of ion beam deposited carbon films using X-ray and
electron-diffraction analysis[9]. They showed that the films
consist of a polycrystalline background of cubic diamond with
particle sizes of 50 - 100 Z and single crystal regions up to

5 pm in diameter. These experiments proved that materials at
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metastable state can be obtained at low temperatures using
IBD.

Since the beginning of the 1970's, film deposition using
mass- and energy-selected ion beams in high vacuum regions
have also been developed. In these methods, a pure ion bean,
without neutral particles, 1is used after deceleration to

provide suitable incident energy for film fomation.

+
2

ion beam by J. Geerk and O. Meyer [10]. However, the

The Pb oxidation process was studied using a low energy O

sputtering of Pb atoms by 02+ ions restricted the maximum beam
energy for oxide formation to about 50 eV.

J.S. Colligon et al. 1investigated the deposition of thin
films by retardation of an isotope separator beam using pbt
and cu? ions which were deposited onto Si single crystal
substrates[1l1]. The 20 keV ion beam of the selected isotope
was deflected by the potential on the deflector plates and
retarded to 60 eV with a collected ion current of 15 pA, while
keeping the substrate at high potential. This retarded ion
current allowed deposition of Pb films at a rate of 100 a/h
over an area of about 3 cm2, Additionally, the further
deposition of cu’t ions followed by Pb+ ions was carried out to
produce a sandwich structure of Si-Cu-Pb.

A retardation technique for high energy ion beam to very
low energies in an ion implantation accelerator was studied by
K. Miyake[12], and J.H. Freeman{13] in 1976 in order to

utilize high current ion beams from the low-energy 1ion

implanter to obtain uniform deposited layers. The final ion
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energy could be adjusted to from 10 to 3000 eV. A weak
magnetic field was applied to suppress the acceleration of
secondary electrons 1inside the acceleration and retardation
lens structure. Recently, epitaxial synthesis of diamond-like
carbon films by carbon 1ion deposition at 1low energy was
announced by J.H. Freeman et al[l4].

Further studies on thin film deposition using low energy
ion beams have been carried out by J. 2Amano et al.[15-18].
The deposition of pbt ions on carbon and NaCl substrates were
carried out with a 24 - 256 eV, 9 - 12 PA ion beam, in a 1 x
10-'8 Torr vacuum. 50 eV ion energy was the optimum energy for
deposition when parameters such as space charge expansion,
self-sputtering, £film thickness, and surface coverage were
taken into account. As the deposition energy was increased to
above 50 eV, the crystalline structure of the deposits grown
on NaCl substrates became more ordered, with a strongly
preferred (111) orientation. The deposition of Mg+ ions on
carbon substrates was also studied in a range of energies
between 24 and 500 eV. The adhesion of the film improved at
high energies.

G.E. Thomas et al. studied the deposition of Ag+ ions on
polycrystalline Pd and single-crystal Si(l111l) substrates[19].
They named this type of deposition "Epiplantation". Tons
extracted from the source at 10 keV were formed into a beam by
an Einzel lens and were decelerated from 10 keV to 20 eV after

. + .
mass selection. Ag ion currents in the range of 5- 25 pA

9

were deposited onto the substrates in a 2 x 1077 Torr vacuum.
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The collection efficiencies of Ag+ ions on a polycrystalline
Pd substrate was obatained as a function of energy. 1In the
energy range 25 -~ 100 eV, Ag layer derosited on the Si(111)
sur face at room temperature showed epitaxial growth as
Ag(111)//Si(111).

K.Yagi et al. discussed the epitaxial growth of Get on Ge
and Si substrates using an improved 1ion implantation
facility([20,21]. Ge films were epitaxially grown on Si(111)
and Ge(lll) substrates at a substrate temperature of 300°C.
Films deposited below 200°C were amorphous, and crystallized
after post annealing at temperatures above 300°Cc. K. Miyake
et al. developed a high current ion beam deposition apparatus
and investigated Ge and Si epitaxial growth on Si(100)
substrates[22], the details of which are described in this
thesis (Chapter 2).

A similar apparatus was developed by T. Tsukizoe et al.
in 1976 to study the fundamental deposition mechanism[23].
zn*  ang Ag+ ions with energies of from 30 to 300 eV were
pPlated onto single crystal Al, Cu, and stainless steel
substrates. The interface 1layer of the deposited films was
observed by TEM and AES analysisis.

Several attempts to investigate the effects of ion
inclusion in film formation processes using ion sources
combined with vacuum evaporation equipment have been reported.

Itoh and Nakamura used a partially ionized vacuum
evaporation technique to deposit a silicon film on a silicon

single crystal substrate using the ion-to-neutral atom ratio
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and substrate temperature as parameters[24]. They observed
epitaxial growth of deposited film at relatively low substrate
temperatures when higher ion contents were chosen. The ion
energy range of their experiments was rather high and, as a
result, a higher backscattering yield was observed for the
deposited film when the substrate temperature was in the 600°C
range.

S. Shimizu and S. Komiya investigated partially ionized
‘evaporation[25]. They described the low temperature epitaxial
growth of silicon on Si(l11) and sapphire substrates at
substrate temperatures as low as 450°C.

Takagi et al. developed a technique called "Ionized
Cluster Beam Deposition", in which metal cluster particles
composed of 500-1000 atoms with a single electric charge were
accelerated through several kV and. deposited[26]. The
effective energy of each deposited atom was several eV. They
obtained epitaxial growth of deposited silicon films on a
silicon single crystal substrate under acceleration, whereas
amorphous deposits were observed without acceleration.

These experiments clearly show the effectiveness of ion
inclusion in a film deposition system and, as a natural
consequence, the concept of pure ion beam deposition has been
explored by several investigators. In the ion beam
deposition (IBD) scheme, deposition parameters, such as
incident ion energy and deposition speed, are easily
controlled electrically, and the effects of incident energy on

film qualities are easy to determine.
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This chapter 1investigates the roles of ion bombardment on

film growth, which are 1listed 1in Table 3.1. Detailed
discussions on the effects of:éputtering and ion'implantation
are giveﬁ; The .inferface. layer of deposited films 1is
investigated. by relating ﬁhém‘to’an ioﬁ ihduced.atomié ﬁixiﬁg
phenomehon. The heteroepitéxial growth.bf éermanium films and

homoepitaxial growth. of silicon films on single cryétal

silicon

substrates are

also investigated as eXamples of low

temperature crystal growth using IBD techniques.

Table 3.1 Flow chart of ion beam.deposition.

Parameters

Mechanism

Applications

e Ion species

o Ion current density

o Jon beam size

o Ion energy

o Angle of irradiation

@ Ratio of ions to neutrals

o Substrate temperature

e Atmospheric conditions
Vacuum pressure etc.

® Deposition
Film formation
e Sputtering
Surface cleaning
Strong bond formation
Increase in density
o Implantation
Adhesion ]
Nucleation center formation
e Chemical Effect
Increase in sticking
probability

e Crystal growth
Low temperature epitaxy
o New material synthesis
Diamond film.
Amorphous formation
o Jon doping
MBE applications
@ 3-dimensionally controlled
electro-optical new devices
o Surface coatings




3.2 Sputtering and Ion Implantation Effects

The deposition of energetic ions usually causes
simultaneous sputtering and implantaﬁion at the surface of the
substrate. Sputtering of both substfate and deposited atoms
("self-sputtering") occurs. Therefore, 1in order to obtain
film deposition, the incident ion energy range has to be set
well below that which gives a sputtering yield equal to unity
for "self-sputtering”.

In Fig. 3.1, deposited germanium film thickness and etched
silicon substrate depth are shown as functions of incident ion
energy and ion species. 1In contrast to the simple sputtering
results of incident Ar+, deposition of germanium film is
clealy evident at energy levels below 500 eV. At energy
levels above 800 eV, film buildup is not observed. On the
contrary, the silicon substrate is etched considerably.

The result of calculating the sputtering yield using the
Sigmund theory[27] indicates that the sputtering yield reaches
unity at incident ion energies of 400 eV for Ge+/Ge and 700 eV
for Ge+/Si. These values are in good agreement with the
experiment. |

Fig. 3.2 shows the amount of germanium on the substrate
sur face. It was measured by XMA as a function of Get ion
incident energy. Throughout this experiment, the electron
probe energy was 10 keV, This corresponds to an electron
penetration of 500 nm. which is deeper than the deposited
film thickness, The amount of germanium (intensity of the

Ge-K «, X-ray 1line) present on the surface decreased as the
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incident energy increased. Even at the energy levels above
1 keV, the presence of germanium atoms was still observed.
These atoms come from those germanium atoms implanted below
the sputter-etched silicon substrate surface. An increase in
the amount of germanium in the higher energy range( 10 keV)
also supports this interpretation.

These results indicate that the incident ion energy at
which material buildup will occur is apparently related to
sel f-sputtering. Table 3.2 shows the critical energies at
which self-sputterng approaches unity for various incident

ions[20,28].

Table 3.2 The critical energy of ions for film build-up.

(Fontell and Arminen [28])

Ion species Critical energy (keV)
Fe* 1.5 -2.0
Co* 1.0 -1.5
Ni*t 0.8 -1.0
Cu* 0.3 -04
Zn* 0.3 -04
Sn* 0.45-0.5
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3.3 Interface Formation by Ion Induced Atomic Mixing

3.3.1 Introduction

In thin film formation, the physics of the interface is
very important, from a practical point of view, because film
adhesiveness and electrical Properties depend on interfacial
structures. In thin film formation techhiques using ion or

plasma methods, the deposited atoms and the substrate atoms are
considered to be mutually mixed by ion bombardment at the
interface during deposition. However, there has been few
reports in which the interfacial structures of 1ion beam
deposited films have been investigated in detail.

In this section the atomic mixing effects of ion beam
deposited films are discussed and the thicknesses of

interdiffused layers are obtained as a function of ion enerqgy.

3.3.2 Experimental

The experiments were carried out uéing the IBD machine
described in Chapter 2. 2881+ ion beams at ion energies of
50, 100, 200, 300, and 500 ev were deposited ontc Al
Substrates at room temperature. The substrates were each
50 mm x 50 mm and had thicknesses of 30 pm. The ambient
vacuum pressure during deposition was 5 x 108 Torr. with a
deposition rate of about 1 R/sec and an ion current of lOOlpA.
The diameter of the ion beam. on the substrates was 8 mm.

Therefore, the inclusion of residual gas atoms could be

neglected. Deposition time of 30 to 60 minutes were necessary
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to obtain silicon films around 500 - 8000 X thick.

The composition profiles of the deposited films were
analysed by SIMS (Secondary TIon Mass Spectroscopy) using
oxygen as the .primary ion beam. The etching speed of the
deposited film was calibrated by measuring the depth of the
etched crater with a Dektak depth monitor which gave an

©
etching speed of 0.6 A/sec.

3.3.3 Results and Discussion

Figure 3.3 (a) and (b) show the secondary ion mass spectra
of the IBD deposited silicon film and the Al substrate,

respectively. It can be seen that the Al substrate contains

27 28

mainly Al and the amount of “°Si included is very small.

The IBD deposited silicon film were isotopically enriched with

28 29 30

Si atoms. No isotopes of Si and Si were recorded.

Figure 3.4 shows a typical depth profile for 2881 and 27Al
in IBD films deposited at an ion energy of 100 eV.

Depth-profiles for the IBD deposited films at ion energies
of 50, 100, 20, 200 and 500 eV are shown in Fig. 3.5. All
curves are normalized in intensity to coincide at the crossing

point of the 28 27

Si and Al profiles.

It was found that Si atoms and Al atoms interdiffused with
each other in the interface layer. Thus, although there is
ambiguity in SIMS profiling analysis due to knock-on effect,
these curves show that the thickness of the interdiffused
layer depends on the ion energy. Therefore, Fig. 3.5 seems to

indicate that inter-atomic mixing is enhanced by increased ion
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bombardment. With the thickness of the interdiffused layer as
defined in Fig. 3.6, the energy dependence of the interface
thickness obtained was shown in Fig. 3.7. The depth profile
of a vacuum deposited Al film on a Si substrate at a vacuum
pressure of 10_9 Torr is shown in Fig. 3.8, for reference.

The interface layer thickness of the IBD films is in the
order of several hundred ‘angstroms, while that of vacuum
deposited films is less than 50 angstroms. (The rather large
value is due to limitation in SIMS measurement.) This thick
interface layer may be explained by considering that the top
few angstroms amounting to the penetration depth of the
incoming ions, are steadily intermixed with those ions
throughout the deposition period. Therefore, the integration
of succesive  interdiffused layers produces this relatively
thick interface region. The existence of this thicker
interface region in IBD deposited films is thought to accout
for the strongly adherent film formation found in ion plating

and ion beam déposition methods.

INTERFACE THICKNESS
: / '

285i+ (—Ax — 27Al+

ﬁ-—-—-—

ION INTENSITY

DEPTH
Fig. 3.6 Definition of "interface thickness"
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Tsukizoe and Ohmae reported on the interatomic mixing
effects in Ag+ IBD films on Cu crystals substrates[23]. They
also pointed out the large interdiffused layers. However, the
energy dependence of layer thickness does not qualitatively
agree with the present results.

T. Yamada et al.[29]) and D.G. Teer et al.[30] reported
the interdiffused 1layer thicknesses to be in the order of
several hundred angstroms in ionized cluster beam deposition
and ion plating, respectively. Their results are in good

agreement with the data obtained in this study.
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3.3.4 Conclusions

Ton induced atomic mixing effect in ion beam deposition has
been demonstrated. The thickness of the interface layer is in
the order of several hundred angstrom and increases with the
level of incoming ion energy. The formation of these
interdiffused layers at low temperature seems to be the reason
why strongly adherent film can be formed by ion beam

deposition and ion plating.
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3.4 Germanium and Silicon Ion Beam Deposition on Si(100)

3.4.1 Introduction

Low-temperature thin}film formation techniques using plasma
or ion beams have been attracting a great deal of interest in
the field of electronic and optical device fabrication(1].
Films made by these methods have strong adhesion, surface
smoothness, controllability of crystalline orientations, etc..
There is also the possibility of low temperature epitaxial
growth of semiconductor materials[20]. Ion plating([30,31],
ionized cluster beam deposition[26], and plasma
deposition[32,33,24] are examples of these approaches.

Recently, there have been several reports of mass-separated
ion beam deposition(IBD) on various materials{il-23]. For
example, Yagi et al.[20] have reported deposition of Get and
Si+. Low temperature epitaxial growth has been observed for
many materials, though not for silicon. Silicon deposition in
our previous work was not successful. The films obtained were
amorphous because they were made in a poor vacuum.

In this section, after briefly describing the experimental
conditions, we will discuss in detail the crystalline
characterizations of the Ge+/si hetero-epitaxial and Si+/si
homo-epitaxial films.

3.4.2 Experimental

The IBD system used in this study is schematically shown in

Fig. 2.5 of Chapter 2. The system consists of three principal
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parts: an ion source, a mass-separation magnet, and a UHV
deposition chamber. Get and si”t ion beams are generated from
GeCl4 and SiCl4 gas discharges, respegtively, in a
Freeman-type source and extracted at an energy level of 10 to
30 keV. After mass separation using a 60° sector-type magnet,
the ion beam is‘deflected toward the horizontal focal point of
the magnet by electrostatic deflectors to prevent target
irradiation by charge-exchanged high energy neutral particles.
The ion beam is then decelerated to an energy of 100 to 200 eV
by an E x B type lens system.(see Section 2.4.) The diameter
of the deposited region is from 7 to 10 mm. A typical
mass-spectrum of decelerated ion beams for GeCl4 gas discharge
is shown in Fig. 3.9. An ion current range from 50 to 200 pa
for Ge¥ ang sit ion beams was obtained.

The silicon substrates to be deposited were (100) oriented
single crystals 20 mm x 20 mm x 0.3 mm, which were mounted on
heating blocks on a sample manipulator. Before deposition,
the silicon substrates were cleaned using conventional
cleaning procedures. Neither flash desorption nor act ion
sputter «cleaning was carried out. The base pressure in the

0710 porr after 8 hours of mild bakeout.

chamber was 5 x 1
During ion beam deposition the ambient vacuum pressure
increased to 5 x 1078 Torr due to the gas load from the ion
source.

The substrate temperature was monitored by a Pt,Pt-Rh

thermocouple immersed in the heating block, and the ion

current flowing through the substrate was recorded by a
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current monitor during deposition. The thicknesses of the
deposited 1layers were a few hundred angstroms for the Ge*/si
films and 2000 to 3000 angstrom for the Sit/si films. The
experimental conditions for Get and si’t ion beam deposition

are summarized in table 3.2 and 3.3.

3+ - GeCly :
180} c ""'*VEXT“E'%‘W“""“—"

current (pA)
X
o
¥
|
|
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o
o
v.'-:
! o
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0 1 R LTS

Fgi. 3.9 Typical mass-spectrum of decelerated ion beams

generated by GeCl  gas discharge.

y
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Table 3.3 Experimental conditions for germanium ion beam deposition.

INCIDENT ION SPECIES
INCIDENT ION ENERGY

BEAM SPOT SIZE

ION CURRENT DENSITY

DEPOSITION TIME

SUBSTRATE
SUB. TEMPERATURE

VACUUM PRESSURE

74Ge+

100 ev
8~10 mm in dia.
>100 }JA/cm2

60 min.

Si(100) single crystal
300 °C

1 x 10”7 Torr

Table 3.4 Experimental conditions for silicon ion beam deposition.

INCIDENT ION SPECIES
ION ENERGY

BEAM SPOT SIZE

ION CURRENT DENSITY
( ION FLUX DENSITY :
DEPOSITION TIME.
SUBSTRATE

SUB. TEMPERATURE
FILM THICKNESS-
DEPOSITION RATE

VACUUM PRESSURE

rs

(1)

28 ..+

Si

eVa 200 ev

8 10 mm in dia.

100 )JA/cm2

6.3x1014

J.
1

= ions/cmzsec )
T= 30 - 60 min.

Si (100) single crystal
600°C

T
s
about 5000 A

[
about 3 - 6 A/sec

8

5x10 ° Torr
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3.4.3 Results and Discussion

74

(a) Ge+/si hetero-epitaxial growth

Fig. 3.10 shows the TEM diffraction pattern for the Ge+/si
hetero-structure. Bere, Get ions were deposited at 100 eV.
The substrate temperature was 300°C and the vacuum pressure
was 1 X 1077 Torr. Perfect epitaxial relationship between the
deposited germénium lattice (a=5.66 X) and the substrate
silicon lattice (a=5.43 g) are clearly indicated by the two
sets of spots observed.

The crystalline structure for the germanium deposit is
shown to be rather defective by this TEM micrograph. Moire
patterns were observed in the micrograph and fringe spacing
was in good agreement with that deduced from the lattice
constant difference. Many small dislocation loops were also
found. Since the substrate temperature is not high enough for
solid phase epitaxial growth to occur, ion bombarded surface
disorders cannot fully recover and are thought to develop into
these defects. The amount of lattice mismaching between Ge
and Si is thought to be another reason for these defects.

The same structure was examined using Rutherford
back-scattering measurements with the results shown in
Fig. 3.11. The low yield for the aligned spectrum indicates a
good epitaxial relationship. However, the yield from the
interface region shows some kind of interatomic mixing or
alloy phase formation between the Ge and Si.

The surface smoothness of the deposited germanium film was
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examined wusing an electron microscope. The surface replica
micrograph shown in Fig. 3.12 indicates a very flat surface
structure.

The hetero-epitaxial growth of germanium on silicon (111)
substrates has been reported in a previous paper [20] for
epitaxial temperature as low as 300°C at an ion energy of
100 eV. The present results are extensions of those found
previously to Si(100) substrates. Recently, Kuiper et al.[34]
reported that germanium epitaxial growth is possible at 230°C
using 1ionized «cluster beam deposition in which the average
kinetic energy per atom was as low as 1 eV. Fur ther
investigations are necessary to understand the effects of ion

bombardment energy on crystalline structure.

Ge

Fgi. 3.12 Surface replica micrograph of a Ge*/si film.
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a..= 5.43 A
i

a,. = 5.66 A

. & . i
Moire fringes

1um

Fig. 3.10 Transmission electron diffraction pattern for germanium
deposited on a Si(100) substrate. The ion kinetic energy

is 100 eV, and the substrate temperature is 300°C.
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Fig. 3.11  Rutherford back-scattering spectrum for germanium

deposited films. Deposition conditions are the same

for in Fig. 3. 10,
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(b) f2881+/si(100) " homo-epitaxial growth

sit ien‘beam deposition was cerried out using the proceddre
described.‘above. The ion'aceeleration.energy Was 200 eV and
the ambient Qacuum pressure during depositien.was 5-x 10-8
Torr. | | |

SIMS mass ”spectra for.the silicon deposited films and the
silicon Asubstrates areb shewn inv Fig. 3;1§' (a)' end (b),
respectively. It should be noted that the IBD films eontain
only a: single isotope of. 28Si. That 1is, ‘the films ere
isotepicaliy .enriched.  Carbon >content included in the film
was very. small combered With previous results on‘silicen IBD
films where vacduh pressere was 1 x'lo-'5 Torr‘and ion eurreht
was 5 FA' |

The »films deposited at room temperature were amorphous, as
shown in the RHEED pattern invFig. 3.14; As tﬁe substrate
temperatﬁre was..increased to 'éoobc, (110) preferentially
oriented polycryétalline films were ebtained; ‘At a substrate
temperature of 740°C, the deposited films exhibited a single
crystalline in structure, as shown in the RHEED patterns in
Fig. 3.15. The azimuthal directions of the probe electron
beam were (a) <001> and (b) <011>. The three major spots in
Fig. 3.15, which originate from the [220], [250], and [400]
planes, indicate that the deposited layer is grown epitaxially
from the Si(100) substrate. The weak spot patterns suggest
the existence of twin structures.

The same epitaxial structure was also examined by TEM. The

transmission electron diffraction pattern, as shown in
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Fig. 3.16, indicates homo-epitaxial growth. The sets of small
spots around the major ones indicate that twin structures are
included in the deposited layer. The crystalline structure is
rather defective and contains a lot of dislocation loops.

In silicon deposition, surface contamination from oxygen or
carbon plays an important role in epitaxial growth[36,37]. In
this study, surface contamination on a silicon substrate was
not completely removed before deposition. In a previous
report[20], silicon ion beam deposition was carried out at a
vacuum pressure of 1 x 10-5 Torr. At that pressure the
impinging rate of residual gas atoms on the silicon sur face
was two orders higher than the bombarding ion flux.
Thereforé, the as-deposited films were always amorphous.
However, in these experiments, the impinging rate of Si+ ions
is two orders or more higher than the residual gaé atom flux.
The epitaxial growth of silicon is thought to result from

these improvements in vacuum pressure and ion current flux.
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Fig. 3.14 RHEED pattern of a Si"/si IBD film deposited at room

temperature.

(b)

Fig. 3.15 RHEED patterns of Si/si IBD films deposited at 740°C.
The ion kinetic energy was 200 eV and azimuthal

direction of the probe electron beam was (a) <001>

and (b) <011>.




ium
siton Si(100), T= 740°C, eVy= 200 eV

Fig. 3.16 Transmission electron micrograph for a si*/si(100) IBD

film deposited at 740 C where ion kinetic energy is

200 eV.




3.4.4 Conclusions

Germanium and silicon films were epitaxially grown on
Si(100) substrates by 1low-energy, mass-separated ion beam
deposition. Germanium films deposited at 300°C were
epitaxially grown from the substrates, although a lot of
dislocation loops were found in the deposited layer. Large
lattice mismatching between Ge and Si, and low substrate
temperature for solid phase epitaxial growth are thought to
have resulted in those defects.

Silicon films, composed of 2881+ ions deposited at an ion
energy of 200 eV and a substrate temperature of 740 ° C, were
isotopically enriched with a single species of 288i. The
crystalline structure, observed by means of RHEED and TEM
measurements, indicated that the films were epitaxially grown
on Si(100) substrates. However, the films were rather
defective vand contained twin structures. Further

investigations are hecessary to obtain defect-free silicon

epitaxial growth at low temperatures.
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3.5 Summary

In this chapter the fundamental aspects of deposition of
low-energy, mass-separated metal ions were discussed. It was
shown that irradiation of low-energy metal 1ions causes
simultaneous deposition, sputtering and implantation. The
relative contribution of these three to thin film growth was
shown to depend on the bombarding ion energy.

The strong adhesiveness of the ion beam deposited films was
shown to be related to the thick interdiffused interface
layer. This layer, whose thickness is in the order of several
hundred angstroms, is formed by ion induced atomic mixing.

It was demonstrated that relatively 1low-temperature
epitaxial growth is possible using this ion beam deposition
method. Hetero-epitaxial growth of germanium on a silicon
singly crystalline substrate was obtained at an ion energy of
100 eV and a substrate temperature as 1low as 300°C.
Homo-epitaxial growth of silicon was also possible at an ion
energy of 200 eV and a substrate temperature of 740° C. The
crystalline structure of these ion beam deposited films were

also discussed in detail.
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Chapter 4. REACTIVE ION BEAM ETCHING

4.1 Introduction

Plasma etching has commonly been recognized as an essential
technology for the fabrication of highly integrated
semiconductor devices. In particular, reactive ion etching
(RIE) and microwave Plasma etching have been successfully
utilized in microfabrication processes due to their
anisotropic etching characteristics[l,Z]. However, little
theoretical or quantitative knowledge has been available on
the plasma etching mechanisms.

Many attempts[2-4] have been carried out to determine the
Plasma etching mechanisms by exploiting the plasma or reactive
ion beam etching apparatus. However, in plasma etching, it is
not so easy to independently control the individual etching
parameters,. Such parameter include the species of reactive
particles (ions or radicals) and their kinetic energies and
fluences, etc.. This 1is because these parameters are
complicated functions of the discharge conditions (gas
Species, pressure, power, etc.). Therefore, the "beam
method", which is familiar in atomic and molecular physics,
Seems more promising than the "plasma method" for the study of
etching mechanisms.

Recently, Coburn et al.[5] investigated the etching
mechanisms for silicon and silicon dioxide using fluorocarbon

ion beams in a URV apparatus. They bombarded
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non-mass—-analyzed reactive fluorocarbon 1ions onto Si and/or
8102 surfaces and observed the ion-irradiated sur face layers
using AES (Auger Electron Spectroscopy) and XPS (X-ray
Fhotoemission Spectroscopy) . They pointed out £hat the
ion-bombarded silicon surface is covered with carbon, the
amount - of which depends on the ion kinetic energy, ion dose,
and the existence of oxygen in the target.

Coburn also pointed out that an jon-assisted chemical
reaction occurs when silicon is exposed to XeF2 gas and
simul taneous argon ion bombardment[6]. Y.Y. Tu reported that
25 or more silicon atoms are removed per incident argon ion by
these ion-assisted chemical reactions[7].

The etching probability for neutral active species has
recently been reported by Chen[8] for silicon using F2 and by
Flamm et al.[9] for silicon dioxide using F* radicals. These
etching probabilities have been found to be in the order of
from 10—6(Chen) to 10—4(F1amm).

In practical applications, reactive ion beam etching (RIE)
has been of interest because it produces - little
undercutting([10]. In RIE, the energetic reactive ions are
thought to take a primary role in the -etching process.
Therefore, it seems necessary to investigate the role of
individual reactive ion bombardment during etching.

In this section, a low-energy, mass-analysed reactive ion
beam etching(RIBE) apparatus and a mass—-spectroscopic method
for measurement of the chemical sputtering vyields of

crystalline silicon are presented. Then, a quartz-oscillator
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microbalance (QCOM) method for measuring the total sputtering
yield of silicon from reactive fluorocarbon ion bombardments
is presented. Finally, quantitative discussion on the
physical and chemical roles of reactive ion bombardment,
especially the energy dependence of these two sputtering

yields, is presented.

4.2 Chemical Sputteting Yields of Silicon

4.2.1 A Low-energy, Mass-separated Reactive Ion Beam

Etching Apparatus.

The 1ow—ehergy, mass-separated reactive 1ion beam (RIBE)
apparatus ‘used for this study is, in principle, the same as
the ion beam deposition (IBD) machine[10] described in Chapter
2. The ~RIBE system consists of an ion source, a
mass-separation magnet éﬁd an ultré—high vacuum (UHV) chamber
equipped with a quadrupole mass filter (CMF, UTI-100C).

To produce the ion beams ( F+, CF+, CF +, CF +),

2
CF4 or C?FS gas is fed 1into a hot-cathode, arc-type ion

source. Ions are extracted from the 1ion source at an

extraction energy, eVex of 10 keV and mass—analysed using a

tl
60°sector-type magnet. The mass-selected 1ion beam, for
example 19F+ at a kinetic energy of 10 keV is decelerated in
the UHV chamber by an E x B type ion decelerator[l2] and

bombards a crystalline silicon target located in the center of
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the UHV chamber. The ion bombarding energy is determined by
the ion acceleration voltage, Vé, and can range from 100 to
3000 ev. The energy spread for the decelerated ion can be as
large as 100 ev. The target ion current during etching is
simultaneously recorded by a current monitor.

A typical mass spectrum for a decelerated ion beam

generated by CF4 gas discharge is shown in Fig. 4.1.

Isotopically pure ion beams, such as l9F+, 31CF+, 50CF2+,

69CF +, were obtained with good mass resolution in the

3

current range of 50 to 100 MA. The chemical reaction of CF4

Plasma with the boron nitride insulators used in the ion
49 28, +

source produced 30BF+, BF2+, and N2 ion beams. The area
under ion bombardment was about 10 mm in diameter.

The RIBE system was differentially pumped at four pumping
bérts to keep the efching chamber in a UHV condition. The
base pressure in the chamber was 5 x 10_10 Torr after 8 hours
of mild bakeout with the isolation gate valve Closed. During
ion beam etching, the vacuum pressure increased to 10”9 Torr
because of the gas load from the ion source.

Samples used were n-type, (100) oriented crystalline
silicon wafers with é carrier concént;ation of 1 x 1017 cm-3.
As shown in Fig.'4.2, the target was tilted 30° normal to the
incident ion beam to prdtect against the sputtered,

high-energy silicon atoms hitting the QMF. The substrate was

at room temperature.
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4,2.2 Principle of Chemical Sputtering Yield Measurement

by Mass-spectroscopic Analysis.

In reactive ion beam etching carried out in a UHV
environment, total silicon mass reduction can be censidered to
consist of both physical sputtering and evaporation in the
form of a volatile gas through chemical reaction. The quartz
crystal micrpbalance method used by Coburn et al;[5-7] can
give the amount of total sputtering. Here, however, the
interest is the amount of chemically sputtered silicon. Thus,
"mass-spectroscopic analysis" 1is investigated as a way to
detect ohiy the amount of the chemically sputtered silicon.

Here, if is assumed that silicon atoms leave the silicon
surface mainly in the form of volatile gas (SiF4) through a

chemical reaction which can be expressed as

Si + 4F ———> SiF, 1\ (4.1)

T —
No other intermediate molecules, such as SiFn(n=l,2,3) are

assumed to desorb. from a silicon surface{7]. The product gas,

SiF4, is considered to be rapidly thermalized in the etching
chamber. In the Steady state, the rate of gas product
formatidn,v @2&# (moleculeé/sec),'canvbe determined by the
partial pressure  of SiF4'I§m4 , in the chamber through the
relationship,

%S;FL; = kT-Sp ES:F# o (A2
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where Sp denotes the pumping speed for SiF4, k, a Boltzmann

constant, and T, the gas temperature.

~The partial pressure of SiF4 can be measured from the

85

siF." ion intensity, at the QMF.

Employing all these assumptions, the chemical sputtering

yield, YC, for silicon resulting from reactive 1ion beam

bombardment can be obtained

P, Tser
YC = __TSiFy =(i..___;%E___ , (4.3)
L/e L

where Ii is the incident ion current and e the electronic unit
charge. The wvalue of oL is 0.25 under the experimental
conditions presented heré.

The reaction ©probability fof (1) denoted by'g} can be
defined by considering that» one silicon atom is removed by

four fluorine atoms as:

g = & : (4.9)

where n denotes the number of fluorine atoms included in the
incident ions.

The partial pressure of SiF4 was measured using the CMF.

The mass pattern for SiF4 fragmentation was obtained as a

function of the SiF4 partial pressure by leaking a small
amount of SiF4 gas into the chamber through a slow variable

leak wvalve. At the same time, the total amount of the leaked
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gas was measured using a B-A gauge.

No real distinction between the mass peaks for 2851+ and

28CO+ ‘'was possible in the quadrupole mass filter due to its

limited mass resolution capability (< 300). Therefore, care
was exercised during the examination to change irradiation

conditions so as to separate the signals originating from

85 85 +

3 -
The etching probability of silicon and stainless steel by

SiF.*+ from those issuing from COF

+ + +
BF2 and by F, CF,

measured using the same procedure.

ion bombardments, respectively, were also

4.2.3 XPS Analysis of the Etched Surface.

Silicon surfaces etched by F+'and CF2+ ions were analysed

by XPS 1in a separate apparatus. In order to minimize
hydrocarbon contamination, the time the sample was exposed to
the atmosphere was made as short as possible. The Ols peak
was used to calibrate the XPS spectra.



4.2.4 Experimental Results

(a) SiF4 Cracking Mass Pattern

The mass spectrum of fragmented SiF4 ions was measured
using a OQMF for the pressure range from 10_9 to 10—6 Torr.
Four main mass | peaks were observed at
m/e= 85, 47, 66, and 104. As shown in Fig. 4.3, all of these
ion intensities showed linear dependence on SiF4 gas pressure.

The ratio of the four ion peak intensities to each other is 1

: 0.2 : 0.02 : 0.01. This indicates that these mass peaks

represent 8581F3+, 47SiF+, 66SiF2+ and 104SiF4+ ‘
respectively. Thus,‘ the partial pressure of SiF4 can be
estimated by monitoring the 8SSiF3+ ion intensity, which is
the largest of the four.

(b) Separation of the 8581F3+ Ion Signal from

85COF3+ in the QMF Mass Spectrum

Since the mass resolution of the QMF is not sufficient

descriminate between 8581F3+ and 85COF3+, precautions were
taken prior to etching measurement. The principal mass peaks
included in the residual gas in the UHV chamber were 232+,
18H20+, 28CO+, and 44C02+ when the UHV chamber was connected
to the 1ion beam line. The introduction of CF4 gas into the
ion- source added 1large amounts of fragmented ions at
69CF3+, SOCF2+,. and 31CF+ in the QMF mass spectrum. Ignition

of the arc discharge in the 1ion source modified the QMF

spectra by reducing 69CF3+ ion intensity by a factor of 0.8.
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This is a possible indication that some neutral radicals might
have been generated in the ion source, and flowed into the
etching chamber to react with the éolid sur face.

The m/e=85 1ion intensity was separately compared with ion
bombardment ~on stainless steel(vacuum vessel composition
material) and on a silicon surface. Figs. 4.4 and 4.5 show
the energy dependence of the m/e=85 ion intensity for F+, and
for CF2+ ion bombardments on a stainless steel sur face,
respectively. At m/e = 85, a constént background level of
10710 Amp. was always detected when F' or CF2+ ions bombarded
the stainless steel surface. On the other hand, in the case

of silicon bombardment, the m/e=85 ion intensity linearly

depended on the incident ion current for the four ion species:

+ . . .
F, CF+, CF2+ and CF3+, as shown in Fig. 4.6. Here, the ion

kinetic energy was 1 keV. Comparing Figs. 4.4 and 4.5 with
Fig. 4.6, it can be concluded -that the reaction of 28CO
molecules adsorbed on a stainless steel surface seems
negligible in the measurement of the partial pressure of SiF4
gas during rt or CFn+ ion bombardment. This fact enables

derivation of the "chemical»sputtering yield for crystalline

silicon" by formula (4.3).

(c) Energy Dependence of Chemical Sputtering

The energy dependence of the 85

SiF3+ ion. intensity for the
same four reactive ion species are shown in Fig. 4.7. Here
the ion current has been adjusted to a constant value (40.PA)'

It can be seen that these energy dependences differ remarkably
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8SSiF3+ ion intensity

using formula (4.4), Fig. 4.8 can be obtained. Here the

by 1ion species. By normalizing the

arrival rate of fluorine atoms contained in the incoming ion
beam is held constant by changing the 1ion current:

F+(90 pA), CF+(9O HA), CF2+(45 FA) and CF3+(30‘pA). It
should be noted that the probability, ¢ , of four fluorine
atoms reacting with one silicon atom is in the order of 107!
for these fluorine and fluorocarbon ion bombardments.

With fluorine ion irradiation (F+/Si), the reaction
probability increases monotonically as the ion energy
increases to 1 keV and then saturates at a value of 0.7. With
fluorocarbon ion irradiation (CFn+/Si), peak values are
obtained well below 1500 eV. The energy level at which this
maximum yield occurs shifts towards the low energy side with
an increase in the n value: 1200 eV for crt, 800 eV for CF2+,
and 700 eV for CF3+. In the energy range above 1.5 keV, the
yields saturate at around the same value (0.34) for the three
fluorocarbon ion species. Furthermore, this value is close to
half that for fluorine ion bombardment (F+/Si).

+

The energy dependence of the 8SSiF3+

ion bombardment on a silicon surface is given in Fig. 4.9. It
+

can be seen that the energy dependence for BF2 /S1 bombardment

ion intensity for BF2

is quite different from that of CFn+/si (n=1,2,3) 1ion

bombardment. It behaves more like that of F+/Si.

(d) XPS Analysis

Silicon surfaces bombarded by Ft or CF2+ ions at a kinetic

- 102 -



0.8

o
(o)

>
—
3
i)
<
o
S 04
Al
<
Q
—
O
Q 02
LW
ac
0

Fig. 4.8

- RN\ _
SV
'/ + ’ 4 -\{'a:-w-—-'.'--_-'&“ ----- ;:
/'/ \‘/, F: S0puA
e ”,' CF+: 90 PA ]
.’ -7 CFE: 45 PA
CF3:30pA

ION  ENERGY ( keV )

Energy dependence of the etching probability of silicon
resulting from reactive ion bombardment with F+, CF+,

., .
CF2 and CF‘3 .

- 103 -



-—
(34

BR,/Si
ion current:S0pA

-t
(=]
)

o
T

8%siF; ION INTENSITY (x10° A)

1 2 3
ION  ENERGY (keV)

oo

Fig. 4.9 Energy dependence of 85SiF3+ ion intensity for BF2+/Si
ion bombardment.
XPS a) FISi

Gs

INTENSITY (AU)

b) CFISi

1

1 1
0 200 400 600 800
BINDING ENERGY (eV)

Fig. 4.10 XPS spectra for a silicon surface bombarded by (a) F*

and (b) CF* ions. The kinetic energy of the ion beam

is 3 keV.

- 104 -



energy of 1 keV and doses of over 1018 ions/cm2 were analysed
by XPS. The results are shown in Fig. 4.10. Although a small
amount of carbon contamination is observed for the r* ion
bombarded silicon surface, a distinct increase in the C peak

1s
intensity and a decrease in the Si2p and Si Peak intensities

2s
are observed for crFt ion bombarded silicon surfaces compared
with the F* ion bombarded surfaces. This indicates that the
silicon surface etched by crt ions is covered with carbon or

carboneous polymer film whereas FT ion bombardment does not

cause such a phenomenon.
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4.2.5 Discussion

There have been several reports on the energy dependence of
the etching rate for Si and SiO2 under non-mass-analysed
reactive ion beam bombardments, for example, those by
Coburnis], Horiike (4], and Harper[13]. However, their
experimental results did not clearly show the pure chemical
roles of reactive ion bombardment because of several
experimental difficulties. Also, some neutral radicals might
have been involved in the etching reactions. The ion current
density on an etched surface is subject to the ion extraction
energy because of direct extraction[4]. Thus, physical
sputtering effects are always mixed with chemical ones. On
the other hand, in the present study, the pure chemical nature
of reactive ion beam bombardments can be clearly shown using
mass-spectroscopic analysis 1in the mass—-separated ion beam
system.

The etching experiments for F+/Si are thought to be the
most idealized, since no carbon atoms are transported to the
silicon surface by ion bombardment. The energy dependence of
the chemical sputtering yields for F+/si shown in Figs. 4.8
and 4.9 indicate that etching reactions are apparently
enhanced by ion bombardment in the energy range from 100 to
1000 eV. At energy levels above 1000 eV, these enhancement
effects remain at a constant level.

The 1linear dependence of 8551F3+ ion 1intensity on ion

current shown in Fig. 4.6 indicates that the effect of

substrate temperature rise due to ion bombardment is
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negligible and that the total amount of SiF4 removed is
limited by the incident ion flux.

In the energy range under discussion, physical sputtering
occurs simultaneously with 1ion implantation[l4]. Since the
penetration depth of Ft ions at a kinetic energy of 100 - 1000
eV is thought to be in the order of tens of angstroms, the ion
implanted 1layer is steadily sputtered away by subsequent ion
bombardment. This complicated removal of the ion implanted
region by etching reactions which are enhanced by the enhanced
migration effects of fluorine atoms, and the damaged layer
formation, might be the reason for the increase in etching
probability in the low energy range.

In the higher energy range, the F' ions are thought to
penetrate deep into the silicon matrix. Therefore, it is
possible that the diffusion of fluorine atoms from the
implanted layer to the surface lavyer might determine the
etching reaction probability under constant current
conditions.

For CFn+/Si ion bombardment, the deposition of carbon atoms
on the silicon surface has to be taken into account. Incident
CFn+ ions are thought to undergo charge-neutralization and
collisional dissociation with one carbon atom and n fluorine
atoms on the silicon surface[l5]. In the high ion energy
range, these fragmented atoms are thought to be implanted. in
the silicon lattice resulting in a mixed surface layer of Si,

C and F atoms. At steady state, the reaction probability for

CFn+/Si is independent of the number of fluorine atons
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contained in the CFn+ ions. Moreover, the value is nearly
half of that for F+/Si. These facts suggest that the
deposited fluorine atoms are dissipated to react with the
deposited carbon atoms at about the same probability as that
for silicon. Of course, the carbon removal effects caused by
physical sputtering are thought to have great effect on the
;emoval of deposited carbon.

In the 1lower energy range, the reaction probability
exhibits the very strange energy dependence shown in Fig. 4.8.
Even "resonant-type chemical reaction mechanisms" between
fragmented atoms and silicon atoms cannot explain these
phenomena because the energy at which the yield shows maximum
shifts to the low energy side with an increase in the incident
ion mass. This contradicts the fact that "resonant-type
reactions"” should occur at the same kinetic energy as for
fragmented atoms from CFn+ ions.

According to the recent results of total sputtering yields
for silicon under CFT and CF2+ ion bombardment measured using
a quartz microbalance, deposition of some caboneous film has
been found in the 1low energy region[l6], whereas the
mass—spectroscoﬁic analysis described here proves the
appearance of the product gas SiF4. These facts indicate that
the deposited carboneous layers are constantly broken off by

physical sputtering.

+
2

as shown in Fig. 4.9 exhibits an energy dependence quite

The etching probablity for silicon by BF ion bombardment

different from that for CFn+/Si, and is similar to that for
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F+/Si. The different nature of Si-B and Si-C chemical bonding
on a silicon surface might be the reason for these phenomena.
Further investigation of other types of reactive 1ions
SF

generated from BF and PF5 plasmas are being undertaken.

3’ 6'
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4.2.6 Conclusions

The energy dependence of chemical sputtering yields for
crystalline silicon produced by reactive ion bombardment was
investigated using a "low-energy, mass-separated reactive ion
beam etching system".

The yields were found to be in the order of 10"l using
"mass-spectroscopic analysis" with a quadrupole mass filter.
This value is much larger than the reported etching
probability for both thermal neutral fluorine atoms with
silicon dioxide and fluorine molecules with silicon.

The energy dependences of the yields are quite different
for F+/Si and for CFn+(n=1,2,3)/Si. In the former, the vyield
increases with ion energy up to 1000 eV and then shows a
plateau. In the latter cases, maximum values are observed in
the energy levels between about 700 to 1500 eV.

These complex energy dependences for fluorocarbon ion beam
bombardment may be attributed to the concurrence of carbon
deposition and scavenging by physical sputtering as well as to
enhanced chemical reaction of the deposited carbon atoms with

fluorine atoms.
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4.3 Chemical and Physical Roles of Individual Reactive

Ions in Si Dry Etching

4.3.1 The Quartz Crystal Oscillafor Microbalance Method

The ion beam apparatus used in this measurement is the same
as .described in Section 4.2.. Fig. 4.11 shows the quartz
crystal oscillator microbalance (QCOM) arrangement used in

this study.

CHAMBER WALL

W

S.S. HOLDER

ION BEAM
——

METER

" ——— - -

SILICON - [~ INSULATOR

ION CURRENT
APERTURE ION CURRENT

OUARTZ A A

PLATE

Fig. 4.11 Quartz crystal oscillator microbalanée(QCOM).

The decelérated Ft ion beam was irradiated at an energy of
100 to 3000 eV just in front of the QCOM which was located at
the center of the reaction chamber. The QCOM on which Si
films were deposited was almost the same as the one commonly
used for film thickness monitoring, except for its holding
system. The reaction chamber was Pumped out to a pressure in

the range of 10 8p; (10—10 Torr) and the ambient pressure
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6 8

during ion beam etching was typically 5.3 x10 ° Pa (4 x 10~
Torr) . The 1ion current obtained was usually 30 pA. It was
necessary, for simultaneous determination of the incident ion
current and the resonant frequency, to electrically isolate
both the QCOM and its controller from ground level.

Silicon films with thicknesses of up to 2 pm was deposited
on quartz crystal discs in another vacuum chamber by electron

5 pa (2 x 1077

beam evaporation at 'a pressure of 2.7 x 10°
Torr).

The incident flux of the residual neutral species was
calculated from the pressure to be about 2 x 1013
(molecules/cm® sec). The incident ion flux was 3.7 x 10%%
(ions/cm2 sec) at an ion currentvdensity of 60 FA/cmz. This
situation differs greatly from that reported by Coburn[6-8].
Moreover, the amount of reactive neutral atoms was found to be
one order smaller than for that of an 1inactive gas.
Therefore, the effects of radical species dissociatively

generated by ion bombardment on the present measurements could

be ignored for first order approxiamtion.

4.3.2 Comparison of the total sputtering yield

for F'/Si and Ne'/si.

It was found in the present ion beam etching that the
resonant QCOM frequency increased linearly as a function of
ion bombardment time under constant ion energy and current
conditions. This allowed ' the influence of QCOM temperature

rise attributable to ion bombardment to be disregarded. = The
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resonant QCOM frequency was calibrated by measuring the
thickness of the Si films with a conventional Taly-step
thickness monitor. With the present apparatus(ANELVA,
#983-7109), the total sputtering yield, YT' was found to be
expressed by the following -equation: YT = 0.60 x 4 f/Iion'

where Iion is the incoming ion current in PA' and A f denotes

the amountof OCOM frequency shift per one minute (Hz/min) .

80 £ //
/
L 10 keV /
? 60 /
E o/{
H 74
: 40+ /o
= i /
//“'
20
/
L/
//
%

ION CURRENT ( pA)

Fig. 4.12 Incident ion current dependence of resonant frequency shift

in QCOM during one minute obtained from Si etching by 1 keV

+ .
F~ ions.
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Frequency shift, A f, during F' ion irradiation is shown in
Fig. 4.12 as a function of the incident ion current with an
ion energy of 1000 eV. Since Af has a linear relationship
with ion current, the total sputtering yield can be calculated
from the slope of the solid line in Fig. 4.12. The resulting
value is 0.96.

The incident 1ion energy dependence of sputtering yield on

Fr ion bombardment is shown as a solid curve in Fig. 4.13.

The sputtering yield for Ne' ion bombardment was also measured
and 1is shown as a dotted line in the same figure. The energy

dependence of the physical sputtering yield, Y of Si from

p’
Ne* bombardment was theoretically discussed by Matsunami et
al.[17], using a modified Sigmund equation[l18]. The present
result is in good agreement with the theoreticaly fitted
curve.

Though the shapes of both lines in Fig. 4.13. resemble

each other, the vyield for 19+ ions surpass that for 205

over the whole energy range measured. This result indicates

+ . . . . .
that F ion sputtering involves a yield due to chemical

sputtering, Y in addition to Y., whereas the sputtering

c’ p’
yield of Net simply involves physical sputtering. This is
reasonable because Ne+ ions are chemically inactive, and the

20Ne+ 19F+

mass difference between and is small. Therefore,

the sputtering yield for Ft can be expressed by the sum of YP

and YC for first order approximation. The energy dependence

of the YC for Si under F+ ion bombardment can be obtained by

comparing the YT for F* to that for Ne‘ in Fig. 4.13. Thus,
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the YC was found to vary from 0.08 to 0.15 in conjunction with
an incident ion energy variation of 100 - 3000 eV.

It should be noted that this energy dependence of Y_ agrees

C
well with the chemical reaction probability for Ft ion derived
from mass spectroscopic analysis of the reaction products.
( see Section 4.2.) Thus, it can be concluded that the present

method is useful in separately determining the Y_  and the Y_.

Cc P
Furthermore, it noteworthy that, in the present study, a
ratio of chemical sputtering yield to the physical yield was
present over the energy region measured. This is shown in
Fig. 4.14. The fact that the ratio for a low-energy, such as
100 eV, 1is about 1.0, and that at 1000 eV is 0.15 shows the
importance of chemical sputtering in the low-energy region.
This is attributed to the drastic decrease of the Yp in the
low-energy region. Since the physical sputtering yield does
not generally change very much from one material to another,
it may be that large-selective-etching with a directional

etching profile is possible using low-energy, ion bombardment

etching.
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Fig. 4.13 Total sputtering yield for F¥ ion (solid 1ine), and physical
sputtering yield for Ne* ions (dotted line) obtained as a

function of incoming ion energy.
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Fig. 4.14 Ratio of chemical to physical sputtering yields

derived from the curves in Fig. 4.13.
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4.3.4 Total Sputtering Yield of Si from CFn+(n=1,2,3l

and C+ Ion Bombardment.

(a) CF+/Si etching

The total sputtering yield of Si for crt ion bombardment is
shown in Fig. 4.15 as a function of the incident ion energy
(solid curve). For reference, the chemical sputtering yield,

Y obtained from mass-sepectroscopic analysis is shown as a

C'

broken line.

10 CF*I Si

S 051

= s

E o

S L

o -
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g P

= ENERGY (keV)

-05

Fig. 4.15 Incident ion energy dependence of the total sputtering yield

for Si resulting from CF' ion bombardment.
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The QCOM results show that Si etching is possible in the
energy region from 800 to 3000 eV. However, in the energy
region from 100 to 700 eV, carbon or carboneous polymer £film
deposition took place. The deposition efficiency, Yd' which
is defined here to obtain an absolute value of the QCOM yield,
was calculated by assuming the deposited material to be carbon
atoms only. As shown in Fig. 4.15, Yd reaches a maximum in
the 400 to 600 eV region with a yield value of 0.7 to 0.8.
This value 1indicates that a large part of the incoming crt
ions are dissociatively incorporated as carbon atoms on the Si
sur face.

In the 600 to 1000 eV region,lthe situation changes rapidly
from deposition to etching and gives a yield from - 0.7 fo
0.3. This suggests that energetic (higher than 600 eV) ions
can effectively scavenge deposited carbon atoms from the Si
sur face. The small increase in YT beyond 1000 eV can be
interpreted as being due to the increase in conventional
physical sputtering yield. Although the energy dependence of
Yd in the energy region of 400 to 3000 eV can be explained
qualitatively in this way, the decrease in Yd corresponding to

the energy reduction in the energy region below 400 eV cannot

be explained in terms of conventional sputtering effects.

(b) CF,*/si etching

Fig. 4.16 shows silmilar measurements for CF2+ ions. The
YT increases monotonically in the 300 - 3000 eV region, but is

nearly =zero at any energy less than 200 eV. As for the YC
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values, 1in the 1500 - 3000 eV region they are almost constant

at 0.23. From a comparison of YT with YC’ YP was found to be

equal to YC at an energy of 300 to 400 eV.

It should be noted that deposition was also observed in the
100 to 200 eV region for CF2+, Compared with CF', it was
found that the depositing energy range and deposition
efficiency for crt are smaller. Therefore, increasing the
fluorine to carbon atom ratio of the incoming fluorocarbon

ions 1is considered to be an effective way to scavenge

deposited carbon atoms from the Si surface.

YIELD (atoms/ion)

ION ENERGY (keV)

Fig. 4.16 Incident ion energy dependence of the total sputtering yield

for Si resulting from CF2+ ion bombardment.
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(c) CF3+/Si etching

For CF3+ ion bombardment, no film deposition was observed
over the whole energy region measured. Fig. 4.17 shows the
incident 1ion energy dependences of YT (solid curve) and YC
(broken line) resulting from CF3+ bombardment. The value of

YT was found to be larger than for CFn+(n=l,2,3) or F+ ions.

(d) ct jon beam deposition onto Si

Carbon deposition on the Si sur face was observed. for ct ion
bombardment in the 100 to 2500 eV region. It should be noted
that only deposition took place in this case. The energy
dependence of Yd is shown in Fig. 4.18. It was found that the
max imum Yd value was 0.8 - 0.9 in the 600 to 800 eV region and
decreased as the energy increased in the 900 to 2500 eV
region. Thus, it appears that a large part of the incident ct
ions at 600 to 800 eV are deposited or imélanted onto the Si.
The decrease in Y, in the higher energy region could be due to
the increase in ct self-sputtering effect. However, the Y,
decrease in the 100 to 600 eV region cannot be explained by
conventional sputtering theory, which is the same as for crt.
It could be speculated that the effective sticking
probabilities of incident cabon ions decreases in

correspondance to the decrease in ion implantation effects in

the low enefgy region.

- 120 -



20 CF3*/Si

YIELD (atoms/ion)

ION ENERGY ( keV)

Fig. 4.17 Incident ion energy dependence of the total sputtering yield

for Si resulting from CF3+ jon bombardment.

YIELD (atoms/ion) -

-1.0r

Fig. 4.18 Incident ion energy dependence of carbon atom condensation

probability for c* ion beam deposition on a Si surface.
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(e) F+/C etching

In the experiments described above, carbon and carboneous
polymer deposition onto the Si surface was observed for C+,
CF+, and CF2+ ion bombardments. Therefore, carbon etching by
such reactive species as F atoms might take place

simultaneously in conventional Si dry etching with a CF, gas

4
plasma. Thus, it would seem necessary to show sputtering
yields for carbon resulting from reactive ion bombardment.

Fig. 4.19 shows the energy dependence of YT for C resulting
from such Ft ion bombardment. The carbon films were deposited
on quartz discs by conventional arc-discharge evaporation or
the IBD method described in Chapter 3. It can be seen in that
figure that YT is less than 1.0 at any ion energy below 700
eVv.

As for CF+, the same number of C and F hits the Si surface.
A large number of the incident carbon atoms are deposited on,
or implanted into, the Si surface, as is shown in Fig. 4.15.
Hence, for crt ion beam etching, the accumulated carbon atoms
were scavenged by the simultaneously incident fluorine atoms,
the amount of scavenging being equal to that of carbon

deposition. Therefore, carbon acculmulation continues during

crt ion beam etching, since YT'for F+/C is smaller than 1.0.
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Fig. 4.19 Incident ion energy dependence of the total sputtering yield

of carbon resulting from F* ion bombardment.
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4.4 Summary

The mechanisms of reactive 1lon beam etching (RIBE) of
silicon were investigated using a mass—separated reactive ion
beam ething apparatus. Chemical sputtering yields of silicon

under Ft  and CFn+(n=1,2,3) ion bombardments were found by

mass—-spectroscopic analysis. The yield was in the order of

107! and depended strongly on the ion species and their
. S .

energies. For F ijon bombardment, 1t was shown that an

increase in energy up to 1 keV enhances the etching reactions.
However, for CFn+ ion bombardment, the inclusion of carbon
atoms with the impinging ions makes the situation guite
difficult to understand within conventional theory.

The relative contribution of physical sputtering and
chemical one in RIBE was also investigated using quartz
oscillator microbalance. It was shown that the contribution
from physical sputtering dominates at 1ion energies above
1 keV. In the energy range below 1 keV, deposition of carbon
atoms on a silicon surface retards etching for CFn+ ion
bombardment.

Further 1investigation is necessary to wunderstand these
physicochemical effects ‘of jon bombardment on etching

reactions.
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Chapter 5 CONCLUDING REMARKS

The effects of low-energy ion bombardment on film formation
and reactive ion etching were investigated using a low-energy,
mass—-separated ion beam accelerator specially developed for
this study.

In Chapter 1, a historical background of this study was
given and the purpose of the study was described.

Chapter 2 was devoted to the discussion on the design and
the development of the low-energy, mass-separated ion beam
accelerator. Production of a high-intensity metal ion beanm,
transport of that under fully space-charge neutralization, and
formation of low-energy ion beams using
crossed-electromagnetic field were successfully utilized in
the accelerator.

Investigation of relatively low-temperature epitaxial
growth by ion beam deposition was discussed in detail in
Chapter 3. It was shown that silicon and germanium films can
be epitaxially grown on Si(100) singly crystalline substrates
at an 1ion energy of 100 to 200 eV and substrate temperatures
of 740° C for Si and 300° C for Ge. It was also pointed out
that the thick interface layer formation due to ion induced
atomix mixing is one reason why strongly adherent can be
formed by ion/plasma process film formation methods.

The mechanism for reactive ion beam etching of silicon was
investigated using the same apparatus. Both

mass-spectroscopic and quartz microbalance methods were
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investigated to do quantitative discussions on individual
etching characteristics of various reactive ions. TIon
bombardment effects were also discussed in detail.

Some of the surface physical/chemical effects of ion
bombardment have been determined in this thesis. However,
further efforts involving construction of theoretical models
will be necessary in order not only to understand these
complicated surface chemical reactions but also to utilize

them to reliable industrial applications.
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